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Summary 
Reinforced concrete has been widely applied in different kinds of structures, even while  
chloride- induced steel corrosion threatens the durability of the structure, especially in case of 
bridge deck slabs potentially when applying de- icing salts and in case of structures in marine 
environment.  
Chloride ions can be introduced into cement-based materials due to their presence in raw 
materials and mixing water (internal chloride) or from chloride sources in the service 
environment (intruded chloride).  The internal chloride ions affect the hydration process and 
hydration products of cementitious materials, while the intruded chloride penetrated from 
surrounding may alter the pore structure and composition of solid/ liquid phase within 
cement-based materials. Free state chloride in bulk pore solution, physically adsorbed 
chloride on the surface of hydration products and chemically bound chloride by solid phase 
are considered as three main types of chlorides in cement-based materials. The chemically 
bound chloride has received most attention in previous studies due to its effects on 
microstructure and chemical composition of hydration products. Decrease of porosity and 
formation of Friedel’s salt are generally occurring with the chemical binding of chloride ions. 
Besides the chemically bound chloride, other forms of chloride ions are also studied. Pore 
solution expression is widely used to obtain the pore solution and analyze the free chloride 
concentration.  
In previous studies, a higher chloride concentration in expressed pore solution has been 
obtained in comparison with the environmental soaking solution. This has been defined as 
“chloride condensation” or “chloride concentrate” in those studies. The formation of electrical 
double layer (EDL) was considered as a possible reason for this phenomenon. The influences 
of different factors on the “chloride condensation index” or “chloride concentration index” Nc 
have been studied in some previous studies. The “chloride concentrate” attracts the chloride 
ions in pore solution onto the surface of solid phase, which may decrease the chloride content 
in the pore solution and induce the renewed penetration of chloride ion within cement-based 
materials. 
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In this study, the phenomenon of “chloride concentrate” was investigated in more detail 
for cement paste. Pore solution expression was applied and the value of Nc was tested. 
Measurements on microstructure, electrochemical characteristics and interfacial properties of 
cement paste were conducted to explain the phenomenon and to figure out the detailed 
mechanism. Physical and mathematical models were also proposed for the characterization of 
Nc from a theoretical point of view.  
As the first step of this study, factors which can possibly affect the value of Nc were 
studied. The chloride concentration index Nc of cement pastes with different supplementary 
cementitious materials (SCMs), maturity, water to binder (w/b) ratios, types of cations, 
chloride concentrations in soaking solution and external applied voltage were measured by 
pore solution expression and chloride titration. Influences of these internal and external 
factors on “chloride concentrate” and Nc were studied. 
Together with the pore solution expression and chloride titration, microstructure and 
electrochemical properties of cement pastes were also investigated. Pore structure (MIP),  
thermogravimetric analysis (TGA), morphology features (SEM) and zeta potential 
measurement (Electroacoustic method) were conducted to explain the higher chloride 
concentration in the expressed pore solution. In addition, total chloride content and 
chemically bound chloride (Friedel’s salt) was also tested. Based on these studies, pore 
structure and chemical composition of hydration products were considered as two main 
factors for “chloride concentration index”.  
As the second step, the pore solution expression experiment was investigated. Pore 
solution distribution of paste specimens before and after pore solution expression were 
measured by 1H NMR. Total chloride content and pore structure was also measured and their 
variations during pore solution expression were determined. The porosity of cement paste was 
calculated from pore solution distribution data, and the consis tence with previous studies 
confirmed the feasibility and practicability of the NMR technique on microstructure 
characterization of cement-based materials. 
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Based on the variation of pore solution distribution, total chloride content and pore 
structure during pore solution expression, the chloride concentration in the expressed pore 
solution was calculated. The calculated and measured results were compared with each other, 
and reasons that caused the differences between measured and calculated results were a lso 
discussed. 
As the main factor controlling the phenomenon of “chloride concentrate” and “chloride 
concentration index”, the properties and modelling of EDL were studied in the subsequent 
step. AC impedance spectroscopy and zeta potential measurements were applied to analyze 
the properties of EDL. As a non-destructive technique, AC impedance spectroscopy can be 
used to monitor the microstructure evolution and interfacial properties of cement pastes. With 
the aid of a proposed equivalent circuit model, the continuous and discontinuous pores, solid 
phase formation and EDL capacitance were analyzed.  
Moreover, physical and mathematical models of EDL with capacitance or zeta potential 
related to EDL were established. By idealizing the EDL formed at the solid-liquid interface of 
cement pastes into a single plane-parallel capacitor, the thickness of EDL with different 
chloride concentrations and slag replacements were investigated and used to explain the 
variation of Nc. According to the Stern model concerning EDL formed at the solid- liquid 
interface, the chloride distribution was represented with mathematical equation and the 
chloride content and value of Nc was calculated based on zeta potential and pore structure data. 
The calculated results showed a good agreement with the measured results as a function of 
chloride concentration and slag replacement level.  
In the end, low temperature 1H NMR measurement was conducted to investigate the pore 
solution distribution within cement paste during freezing process. The boundary point in the 
T2 relaxation time distribution plot was determined for adsorbed water in EDL and free water 
in bulk pore. The adsorbed water content with different concentrations in soaking solution 
was studied and applied to explain the “chloride concentrate” and “chloride concentration 
index”. 
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Samenvatting 
Gewapend beton wordt veelvuldig toegepast in verscheidene types van constructies, zelfs 
indien chloride-geïnduceerde wapeningscorrosie een mogelijke bedreiging vormt voor de 
duurzaamheid van de constructie, vooral in het geval van bruggen waarop dooizouten 
toegepast worden of in het geval van betonconstructies in mariene omgeving.  
Chloride- ionen kunnen in cement-gebaseerde materialen ingebracht worden door hun 
aanwezigheid in de samenstellende bestanddelen en in het mengwater (interne chlorides) of 
vanuit chloridebronnen in de omgeving (ingedrongen chlorides). Interne chlorides kunnen het 
hydratatieproces en de vorming van hydratatieproducten beïnvloeden, terwijl ingedrongen 
chlorides de poriënstructuur kunnen wijzigen evenals de samenstelling van het poriënwater en 
de vaste fasen in het cementgebonden materiaal. Er kunnen drie grote vormen van chlorides in 
cementgebonden materialen onderscheiden worden: vrije chlorides in de poriënoplossing, 
fysisch geadsorbeerde chlorides op het oppervlak van hydratatieproducten, en chemisch 
gebonden chlorides in de vaste hydratatieproducten. In eerdere wetenschappelijke studies 
ging de meeste aandacht uit naar chemisch gebonden chlorides wegens het effect op de 
microstructuur en de chemische samenstelling van de hydratatieproducten. Het chemisch 
binden van chlorides in hydratatieproducten gaat doorgaans gepaard met een vermindering 
van de porositeit en de vorming van Friedel zout. Naast het chemisch gebonden chloride 
worden echter ook andere vormen van chlorides bestudeerd in cementgebonden materialen. 
Door middel van de extractie van poriënoplossing uit het materiaal kan het gehalte vrije 
chlorides in het poriënwater geanalyseerd worden.  
In eerdere studies werd een hogere chlorideconcentratie in de poriënoplossing vastgesteld 
in vergelijking met de concentratie in de oplossing waaraan het cementgebonden materiaal 
blootgesteld is. Dit fenomeen werd in de betreffende studies gedefinieerd als 
“chloridecondensatie” of ook “chlorideconcentratie”. De vorming van de elektrische 
dubbellaag (EDL) werd beschouwd als een mogelijke verklaring voor het vastgestelde 
fenomeen. De invloed van verschillende factoren op de “chloridecondensatie- index” of 
“chlorideconcentratie- index” Nc werd bestudeerd in enkele eerdere studies. Door het 
XIV 
 
fenomeen van “chlorideconcentratie” kunnen chloride- ionen uit de poriënoplossing 
aangetrokken worden door het oppervlak van de vaste fase, waardoor het chloridegehalte in 
de poriënoplossing mogelijk kan dalen zodat nieuwe chloride- ionen in het cementgebonden 
materiaal aangevoerd kunnen worden vanuit de omgeving.  
In voorliggende studie word t het fenomeen van “chlorideconcentratie” in meer detail 
bestudeerd voor het geval van cementpasta. Extractie van poriënoplossing is toegepast, en de 
waarde van de chlorideconcentratie- index Nc wordt experimenteel bepaald. Tevens worden 
experimentele studies uitgevoerd van de microstructuur, elektrochemische karakteristieken en 
overgangseigenschappen in de cementpaste teneinde een verklaring te vinden voor het 
fenomeen evenals en het mechanisme in meer detail te begrijpen. Fysische en mathematische 
methodes worden tevens voorgesteld voor de karakterisering van Nc vanuit een theoretisch 
oogpunt. 
In een eerste stap worden in voorliggende studie enkele factoren bestudeerd die mogelijk 
een effect kunnen hebben op de waarde van de chlorideconcentratie- index Nc. Door middel 
van de extractie van de poriënvloeistof en aansluitende chloridetitratie werd de 
chlorideconcentratie-index Nc bepaald voor cementpasta met verschillende 
cementvervangende materialen (SCM), voor verschillende maturiteit, verschillende 
water/bindmiddel- factor (w/b), verschillende types kation, verschillende chlorideconcentraties 
in de omgevende vloeistof, en verschillende opgelegde elektrische spanningsniveaus. De 
invloed van deze interne en externe factoren op de chlorideconcentratie- index Nc werd verder 
bestudeerd. 
Naast de extractie en de titratie van de poriënoplossing werden tevens de microstructuur 
en de elektrochemische eigenschappen van de cementpasta’s bestudeerd. Verschillende 
experimentele technieken werden toegepast met het oog op het verklaren van de hogere 
chlorideconcentraties in de geëxtraheerde poriënoplossing, zoals kwikporosimetrie (MIP) 
voor de studie van de poriënstructuur, thermogravimetrische analyse (TGA), Scanning 
elektronen microscopie (SEM) en zetapotentiaalmetingen (elektro-acoustische methode). 
Bovendien werden zowel totale chloridegehaltes als gehaltes aan chemisch gebonden 
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chlorides (Friedel zout) bepaald. Op basis van deze studie werd besloten dat de 
poriënstructuur en de chemische samenstelling van de hydratatieproducten twee 
hoofdfactoren zijn voor het fenomeen van de “chlorideconcentratie”.  
In een tweede stap wordt de experimentele werkwijze waarbij poriënoplossing 
geëxtraheerd wordt in meer detail onderzocht. De verdeling van poriënoplossing in 
cementpasta voor en na het uitvoeren van de extractie werd experimenteel bestudeerd door 
middel van 1H NMR. Tevens werd de variatie van het totale chloridegehalte en van de 
poriënstructuur bestudeerd voor en na de extractie van de poriënoplossing. De porositeit van 
de cementpasta werd berekend op basis van de distributie van de poriënoplossing. De 
overeenstemming met voorgaande studies bevestigde de praktische toepasbaarheid van de 
NMR techniek voor de karakterisering van cementgebonden materialen.  
Op basis van de variatie in de distributie van de poriënoplossing, het totaal chloridegehalte 
en de poriënstructuur tijdens de extractie van de poriënoplossing werd de totale concentratie 
van chlorides in de poriënoplossing berekend. De berekende en experimenteel bepaalde 
waarden werden onderling vergeleken. Mogelijke verklaringen voor optredende verschillen 
tussen berekende en gemeten waarden werden besproken. 
Als de belangrijkste factor voor het optreden van het fenomeen van “chloridenconcentratie” 
en “chloridenconcentratie- index” werd in een volgende stap verder een studie gewijd aan de 
eigenschappen en het modelleren van de elektrische dubbellaag EDL. AC 
impedantiespectroscopie en zetapotentiaalmetingen werden toegepast voor de analyse van de 
eigenschappen van de EDL. Als een niet-destructieve techniek kan AC 
impedantiespectroscopie aangewend worden voor de opvolging van wijzigingen in de 
microstructuur en de overgangseigenschappen van cementpasta. Met behulp van een 
voorgestelde equivalente elektronische schakeling kunnen de continue en discontinue poriën, 
de vaste fase en de elektrische dubbellaag EDS verder geanalyseerd worden.  
Bovendien werden fysische en wiskundige modellen opgesteld voor de elektrische 
dubbellaag, waarbij een capaciteit of zetapotentiaal gerelateerd werd aan de EDL. Door het 
idealiseren van de EDL gevormd in de overgang tussen vaste stof en vloeistof in cementpasta 
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als een enkelvoudige condensator werd de dikte van de EDL onderzocht voor verschillende 
chlorideconcentraties en voor verschillende slakgehaltes. Dit werd naderhand toegepast voor 
het verklaren van variatie in de chlorideconcentratie- index Nc. Volgens het model van Stern 
voor de EDL gevormd in de overgang tussen vaste stof en vloeistof werd de 
chloridedistributie voorgesteld door een wiskundige uitdrukking. Het chloridegehalte en de 
waarde van de chlorideconcentratie- index Nc werd berekend op basis van de zetapotentiaal en 
gegevens over de microstructuur. De berekende waarden toonden een goede 
overeenstemming met de gemeten waarden, voor variërende chlorideconcentraties en 
slakgehaltes. 
Uiteindelijk werden 1H NMR proeven bij lage temperatuur uitgevoerd om de verdeling 
van poriënoplossing te bestuderen in cementpaste tijdens een vriesproces. Het grenspunt in de 
distributie van de T2 relaxatietijd wordt bepaald overeenstemmend met geadsorbeerd water in 
de EDL en overeenstemmend met vrij water in de poriën. Het gehalte aan geadsorbeerd water 
werd bestudeerd voor verschillende chlorideconcentratie van de omgevende vloeistof, en 
werd toegepast voor het verklaren van het fenomeen van de “chloridenconcentratie” en het 
bepalen van de “chlorideconcentratie- index”. 
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1 GENERAL INTRODUCTION 
 
 
In this chapter, the background, objective and scope of this research study are presented. The 
methodology and outline of this thesis are provided.  
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1.1 Background 
The deterioration of reinforced concrete structure caused by reinforcement corrosion is a 
worldwide concrete durability problem, particularly, when the concrete structures are located 
in marine environment. Mostly, concrete constructions can be submitted to attacks from some 
aggressive substances, such as chloride and carbon dioxide, chemically. Among these, 
chloride-related reinforcing steel corrosion accounts for the most [1]. When chloride 
concentration in pore solution around steel bars reaches a threshold value and breaks the 
passivation film, the corrosion can be initiated at some connection points of steel bar until the 
local damage of concrete according to TUTTI model [2, 3]. For concrete structure exposed to 
extreme condition, such as marine exposure or highway structure where de- icing salt is used, 
chloride ingress can do great harm to the durability of the reinforced concrete structure and 
give rise to high repairing and reconstruction cost. Mostly, chloride ions may originate from 
aggregates/mixing water (internal chloride), or can penetrate in the concrete to reach the steel 
surface during exposure to chloride-bearing environments (intruded chloride). When a 
sufficient amount of free chloride ions reach the steel bar, a localized breakdown of the 
passive film occurs and corrosion is then initiated. The corrosion development can be very 
fast. Chloride ions may either be chemically bound in compounds like Friedel’s salt  
(3CaO·Al203·CaCl2·10H20), be physically adsorbed onto, for instance, the amorphous 
calcium silicate hydrate (C-S-H) gel, or can exist in free state in pore solution of cement 
pastes [4-6]. The free state chloride ions in pore solutions are mainly responsible for the 
corrosion of reinforcement steel [7]. However, Glass et al. [8, 9] stated that chemically bound 
chlorides can also induce corrosion of reinforcement steel when they were released into pore 
solutions under certain conditions.  
Extensive studies [10-17] have been conducted to figure out the relationship between 
chloride content and the initiation of steel corrosion. Meanwhile, different states of chloride 
ions existing within cement-based materials were also investigated [18]. For the sake of these 
researches, an appropriate method for determination of different chlorides is necessary.  
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One empirical method for the determination of the total chloride content in concrete has 
been standardized [19], which is considered to accurately determine the total chloride content 
in cement-based materials. Thermal analysis and XRD tests have also been applied to 
determine the chemically bound chloride and the reaction products between chloride ions and 
hydration products [20, 21]. Besides, another two methods are also used to determine the 
chloride content, especially the free chloride ions in pore solution. These are the pore solution 
expression method for free chloride concentration in pore solution and the decant solution test 
of pulverized samples for water soluble chloride content. Standards of determining free 
chloride content by these two methods also exist, even if they are not that clear and not so 
widely accepted as total chloride measurement [18]. For water soluble chloride test, the 
amount of chloride ions which can be dissolved into the extraction liquid depends upon the 
experimental process and the surroundings including the fineness of the pulverized sample, 
the amount of extraction liquid, the testing extraction temperature and time, and the agitation 
process [22]. Actually, it has been confirmed that all of the chloride ions can be released with 
enough time given [23]. According to the studies of Alya and Newman [5], the solution 
expressed by pore solution expression method can represent the pore solution within testing 
samples ignoring whether the chloride ions were internally or externally introduced. However,  
special expression device and high external pressure applied is necessary and generally only a 
limited quantify of solution can be obtained for many specimens. It is difficult to obtain 
enough pore solution for test when the specimens become dry. Particularly, this method is 
only compatible for paste and part of mortar samples,  the coarse aggregate can easily break 
the pore solution expression device. However, compared to water soluble chloride, the free 
chloride concentration measured by pore solution expression received wider acceptance as an 
accurate method to determine the chloride content in pore solution of cement-based materials. 
In the 1990s, Nagataki et al. [24] measured the concentration of free chloride ions in pore 
solution of hardened cement pastes exposed to chloride solution. They found that the 
concentration of free chloride ions in pore solution of cement pastes measured by pore 
solution expression was higher than that in the exposed solution, and they called this 
phenomenon “condensation”. They defined the chloride ion condensation index as the ratio of 
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chloride ion concentration in pore solution of pastes/matrix/concrete to that of the surrounding 
solution in which the specimens were immersed. Glass et al. [25] immersed 5 mm thick 
cement paste discs in 0.135 mol/L of NaCl solutions and found that the concentration of free 
chloride ions in pore solution was 30% higher than that of the exposed solution after 28 days 
of soaking. After that, this phenomenon was confirmed by many researchers and studies. The 
electrical double layer (EDL) formed at solid- liquid interface was regarded as the cause of 
this phenomenon [26, 27]. The definition of “chloride condensation” has been employed in 
many studies after Nagataki. However, the definition of condensation in physical and 
chemical science refers to the formation of small water drops when warm water vapor or 
steam touches a cold surface such as a window, which is totally different from what we are 
studying here. The difference in chloride concentration between expressed pore solution and 
soaking solution lies in the physical adsorption in the EDL. In Chinese, the word “浓聚 (nong 
ju)” can well-define this phenomenon, which means the collection of some substances from 
surroundings and increase the concentration at a certain region. In this study, we rede fine this 
phenomenon by using “chloride concentrate” and “chloride concentration index (Nc)” for the 
ratio of chloride concentration in the expressed pore solution to that in soaking solution. 
Nguyen and Amiri [28-30] studied the chloride distribution in EDL with a simplified 
mathematical model and investigated the effects of chloride ions in EDL on chloride 
migration coefficient and chloride profile of concrete. The zeta potential of EDL showed 
significant effects on the chloride profile, and afterwards the chloride migration coefficient. It 
can be concluded from these reference papers that the EDL and “chloride concentration” rise 
considerable effects on chloride penetration process and influence the resistance of cement-
based materials to chloride penetration. 
    Therefore, the present study aims to investigate the influences of different factors on EDL 
and the chloride distribution within cement-based materials. The pore structure, chloride 
content and other microstructure parameters of cement paste samples before and after pore 
solution expression were measured to calculate the “chloride concentration index”. With the 
aid of electrochemical and interfacial properties measurement, the chloride distribution in 
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EDL was investigated and a mathematical model for EDL was established. The mechanism of 
“chloride concentrate” and EDL is the ultimate goal of this study. 
1.2 Objective and scope of the research 
The objective of this study is to investigate the chloride distribution in EDL and its effects 
on chloride concentration in the expressed pore solution. This study also tries to explore the 
mechanism of “chloride concentrate” and to develop a physical-mathematical model of EDL 
in cement-based materials. 
Cement paste is chosen as our research object due to its simpler composition and structure 
compared to mortar and concrete samples and because of the possibility to obtain pore 
solution by pore solution expression method. Ground granulated blast furnace slag, fly ash 
and silica fume are also applied as supplementary cementitious material (SCM). However, 
due to the higher concentration of impurities or metallic elements in these supplementary 
cementitious materials (especially in fly ash) than in Portland cement, electrochemical 
measurements including zeta potential and AC impedance spectroscopy were conducted for 
Portland cement and slag samples. 1H NMR tests request a relatively coarse sample with high 
porosity for obtaining accurate results, therefore Portland cement samples without any SCMs 
were applied for NMR tests. 
The objective of this work can be divided into 4 parts going from practical point of view 
to theoretical: 
 The influences of internal and external factors on chloride concentration in expressed 
pore solution of cement paste. 
 The variation of microstructure and chloride content in samples during pore solution 
expression and their relation to “chloride concentration index”. 
 The electrochemical properties of cement pastes and relationship between 
electrochemical parameters and properties of EDL and chloride distribution in EDL. 
 Mechanism of “chloride concentrate” and physical-mathematical model on ionic 
distribution in EDL   
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1.3 Methodology 
With the need of studying the “chloride concentrate” and “chloride concentration index”, 
pore solution expression method is used to extract pore solution and study the effects of 
different factors on chloride concentration in the expressed pore solution. Microscopic 
analysis including thermal analysis, pore structure and SEM micrograph image analysis are 
also conducted. 
A simple model on chloride concentration in expressed pore solution is proposed from 
microstructure point of view. Pore solution distribution and total chloride content of samples 
before and after pore solution expression test are determined to obtain the extracted liquid 
volume and chloride content, and afterwards the chloride concentration. 1H NMR tests can 
accurately measure the water content and distribution within cement paste samples.  
Zeta potential measurements and AC impedance spectroscopy are applied to characterize 
the electrochemical properties of cement pastes. The measured ze ta potential and the EDL 
capacitance concerning with Stern model are studied to model the properties of EDL and 
chloride distribution within the layer.  
Last but not least, low temperature 1H NMR tests are applied to cement paste samples. 
The internal water distribution during freezing process is measured, and the boundary value of 
T2 relaxation time for adsorbed and free state water is determined. According to the 
experimental results of adsorbed water content and previous studies on zeta potential and 
chloride distribution within EDL, the mechanism of “chloride concentrate” and “chloride 
concentration index” are studied.  
1.4 Outline  
The outline of this PhD thesis is shown in Figure 1.1. A reference overview is provided 
firstly, after that the experimental results and analysis on this topic are presented. Specially, 
these chapters are organized in the same way for our experimental results and discussion. A 
brief introduction on the background of the research works is firstly presented, followed by 
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materials and experimental methods. Afterwards, the experimental results are reported and 
discussion. Eventually, a summary on the research of this chapter is given.  
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Figure 1.1 Outline of the thesis  
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Chapter 2 – State of the art 
A review on chloride migration and chloride binding within cement-based materials, 
determination and development of EDL model and chloride transport model considering EDL 
is given. A summary about electrochemical measurements on cement-based materials is also 
supplied. 
Chapter 3 – Factors influencing “chloride concentration index” 
In this chapter, the factors influencing the chloride concentration in the expressed pore 
solution is studied. Internal factors, including water to binder ratio, maturity of samples 
(curing and soaking time) and mineral admixture replacement level, as well as external factors, 
which are chloride concentration in soaking solution, cations and external applied voltage are 
studied and summarized. 
Chapter 4 – Microstructure and chloride content variation during pore solution 
expression 
A physical model on structure variations during pore solution expression is proposed in this 
chapter. The pore structure, water content and total chloride content of cement paste samples 
before and after the pore solution expression are determined and analyzed. Based on the 1H 
NMR tests, the volume of pore solution extracted by pore solution expression is accurately 
tested, and applied to calculate the chloride concentration in the expressed pore solution.  
Chapter 5 – Characteristics analysis of AC impedance spectroscopy 
The characteristics of AC impedance spectroscopy of cement paste are measured and 
analyzed with a proposed equivalent circuit model in this chapter. The elements in this circuit, 
including resistance of interface between electrode and samples, resistance of continuous and 
discontinuous pore, capacitance of solid phase and EDL are discussed. Based on an idealized 
parallel plate capacitor model for EDL, the thickness of EDL is calculated from the measured 
capacitance. 
Chapter 6 – Zeta potential and mathematical model of electrical double layer 
Zeta potentials of freshly mixed and hardened cement paste are measured and applied to study 
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the EDL and interfacial properties of cement-based materials. Based on Stern model on EDL 
and knowledge on physical chemistry, a mathematical model on chloride distribution within 
EDL is given. On the basis of this model, the relationship between zeta potential, pore 
structure and chloride concentration in expressed pore solution is obtained. The calculated 
results are compared with the measured results on “chloride concentration index” Nc. 
Chapter 7 – Determination of electrical double layer by 1H NMR 
In this chapter, an idea of determining the adsorbed water of cement paste is presented by low 
temperature 1H NMR measurement. The inner water distribution of samples at low 
temperature is tested during freezing process, the boundary value of T2 relaxation time 
between adsorbed and free state water is determined. With some hypothesis, the measured 
adsorbed water content and chloride distribution discussed in previous chapters are applied to 
calculate the chloride concentration in the expressed pore solution and study the mechanism 
of “chloride concentrate”.  
Chapter 8 – Findings and recommendations 
In this chapter, the main findings of this study are presented. Meanwhile, some assumptions 
and possible reasons which may result into the gap between calculation and experimental 
results are provided. The contribution of this research and recommendations for the future 
works are also summarized. 
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2 STATE OF THE ART 
 
 
In this chapter, an overall review on chloride related studies is given. In the first place, the 
chloride binding and the phenomenon “chloride concentrate” in cement-based materials is 
introduced, the influencing factors and the mechanism of these phenomenon are reviewed. 
The introduction of EDL model and zeta potential in EDL of cement-based materials is 
present, and the measurement techniques on interfacial and electrochemical properties 
determination are emphasized.  
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2.1 Chloride binding 
When penetrated into cement-based materials, chloride ions dissolved in pore solution can 
be captured by surrounding solid phase, physically or chemically. Chloride binding and 
chloride migration considering chloride binding have received worldwide attention during last 
two decades. For cement-based materials, the chloride ions can either be chemically bound in 
aluminum phase and produce compounds like Friedel’s salt, or be physically adsorbed on to, 
for instance, the amorphous calcium silicate hydrate (C-S-H) gel [31]. Chemical binding 
refers to the chemical reaction between chloride ions and solid phase, while physical 
adsorption comes from the electrostatic force or Van der Waals' force between different ions. 
It can be seen from Figure 2.1 [32] that the consideration of chloride binding rate changed the 
chloride profile, with no remarkable effects on penetration depth.  
 
Figure 2.1 Chloride profiles with different values of chloride binding rate [32] 
 
2.1.1 Influencing factors  
Researches on chloride binding have been carried out already for a long time and in 
different cementitious systems, cement-based materials or alkali-activated materials. In 1998, 
Justnes [33] did an excellent work on reviewing the chloride binding in cementitious 
materials. The effects of cement type, mineral additives or replacement, cement content, water 
to binder (w/b) ratio, curing and exposure condition and chloride source on chloride binding 
of cementitious materials were discussed in detail. Besides, many experimental and review 
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papers [7, 34-38] have also studied different factors which can affect the chloride binding 
capacity of cementitious materials. According to these studies, it has been confirmed that the 
content of C3A and C4AF dominated the chemical binding of chloride ions, while C3S and 
C2S dominated physical binding. Hydroxyl and sulfate ions may decrease the chloride binding 
capacity of cementitious materials. In this part, the effects of SCMs and external electrical 
field on chloride binding will be discussed on the basis of papers published after the year of 
2010.  
When chloride ions were introduced into cement concrete, internally or externally, many 
studies have concluded that the partial replacement of ground granulated blast furnace slag 
(GGBS) to Portland cement can potentially increase the binding capacity to chloride ions. For 
slag-blended cement, the phases able to bind chloride are mainly AFm and C-A-S-H [39]. 
Kayali et al. [40] reported that the chloride binding of slag came from two mechanism. The 
first was the formation of hydrotalcite during hydration due to high content of magnesia in 
slag, while the second was the formation of Friedel’s salt from the aluminum phase in slag. 
The XRD analysis revealed that the content of hydrotalcite formed in hardened pure slag 
pastes reached 54% of total crystallized phase, higher than that of C-S-H gel in Portland 
cement paste (around 40%). It was concluded in their paper that hydrotalcite was responsible 
for superior chloride binding capacity of slag-blended concrete. This conclusion was further 
confirmed by Khan et al. [41], which also reported that the ability of hydrotalcite to bind 
chlorides was not significantly impaired by the competitive adsorption of carbonates. 
However, a recent paper [42] obtained totally different results that the chloride binding 
capacity decreased when slag was added as cement replacement. According to the discussion 
in this paper, Al2O3 and Fe2O3 played similar role in chloride binding, and the lower content 
of Fe2O3 for the slag used in their study was responsible for the lower chloride binding 
capacity of slag-blended concrete. Sun et al. [43] analyzed the chloride binding in the cement-
slag pastes by X-Ray Diffractometry (XRD), Differential Scanning Calorimetry (DSC) and 
thermogravimetric analysis (TGA). The results showed that the chloride binding capacity of 
slag was closely related to the specific surface area and chemical composition, it was 
enhanced with higher specific surface area and lower sulfur trioxide content.  
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Thomas et al. [44] investigated the effects of SCMs on chloride binding in hardened 
cement pastes. The results showed that samples with fly ash replacement (25%) showed 
higher chloride binding capacity for higher alumina contents and the subsequent formation of 
C–A–S–H. Long term research [45] on chloride binding capacity in fly ash concrete showed 
that the percentage of bound chloride content compared to total chloride content increased 
with the increase of fly ash content in the concrete. The increasing physical adsorption on the 
surface of hydration or pozzolanic reaction products, such as C–S–H, C–A–H, ettringite, and 
monosulfate was also considered as the enhancement of chloride binding capacity of fly ash-
blended cement. 
Different from slag and fly ash, the incorporation of silica fume in cement-based materials 
was generally regarded to lower the binding capacity [44]. According to the studies of Nilsson 
et al. [46], the addition of silica fume affected chloride binding in three ways: (a) dilution of 
the C3A which may reduce chemical binding, (b) reduction of the pH of the pore solution 
which would increase chloride binding, and (c) increase in the amount of C–S–H which may 
increase physical binding of chlorides. Besides, the addition of silica fume also reduced the 
Ca to Si (C/S) ratio, which can result into lower physical adsorption capacity of C-S-H [47]. 
Figure 2.2 shows the chloride binding isotherms of concrete with different silica fume 
replacement levels after 5 years of exposure to tidal zone [48]. The use of silica fume 
significantly decreased the bound chloride content of concrete, while the influences of 
replacement level were not that noteworthy.  
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Figure 2.2 Chloride binding isotherms of concrete samples made of different silica fume 
replacement levels after 5 years for (a) w/b = 0.35, (b) w/b = 0.40, (c) w/b = 0.45, and (d) w/b = 0.50 
[48] 
 
Generally, the amount of bound chloride in SCMs-blended cement strongly depends on 
the quantities of alumina in the binders, especially for chemically bound chloride. Therefore, 
we can easily recognize the chloride binding capacity of different SCMs basically. The high 
content of Al2O3 in metakaolin [44] gave totally different effects on chloride binding capacity 
of binders to that of limestone with low content of alumina [49]. Besides the alumina content, 
it was also presented that the calcium-to-alumina (C-A-S-H) and calcium-to-silica (C-S-H) 
ratios also played an role in chloride binding capacity of SCMs. Higher C/A ratio of C-A-S-H 
and C/S ratio of C-S-H showed greater binding capacity [50]. Saillio et al. [51] reported that 
the physically adsorbed chloride increased with the SCM (fly ash, slag or metokalin) content 
of the cement paste due to the different compositions of C-S-H produced during hydration in 
Portland cement and SCM cement pastes. 
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Natural diffusion test and rapid chloride migration test are widely applied in evaluating the 
chloride penetration resistance of cement-based materials. Especially for the latter, the applied 
electrical field can markedly reduce the testing period. However, the applied external field 
potentially affects the binding capacity and desorption process of cement-based materials. 
The external applied voltage shortens the duration of the test at the cost of possible 
changes in the amount of chemically bound chloride ions. At the same time, the external 
electric field would affect the charge distribution on the surface of the hydration products and 
the EDL at the solid- liquid interface [52]. Therefore, the use of external voltage will bring 
some unexpected effects on the chloride penetration and binding capacity. Several researches 
have been carried out to investigate the effects of applied voltage on chloride ion binding and 
to compare results with results obtained by diffusion method [53-55].  
Some researchers [55-57] reported that the adsorption of chloride ions after reaching the 
steady state was independent of the applied voltage, and the total chloride co ntent was 
increased with the increase of chloride concentration in the external environment. Also, Yuan 
[27] obtained similar chloride adsorption isotherm for samples after natural diffusion and 
RCM tests under the same curing conditions and ages. Furthermore, a study by Ollivier et al. 
[58] showed that the externally applied field within the voltage range of 2~30 V had no 
obvious impact on chloride binding capacity of cement mortars. Numerical simulation on 
diffusion and RCM tests in non-steady state conditions showed that the free chloride ions in 
pore solution could be instantaneously combined and no variation of free chloride content was 
found between samples after diffusion and migration test [53].  
The study of Spiesz et al. [55] showed that it took 7 days or more for chloride binding in 
cement matrix to reach an equilibrium in diffusion method, which was much longer than the 
testing duration of RCM test. Castellote et al. [59, 60] analyzed the chemically bound chloride 
and free chloride contents of samples based on X-ray fluorescence technique and leaching 
method, respectively, after RCM test. In their studies, the obtained chloride adsorption 
isotherms were compared with the diffusion chloride adsorption isotherms from Sergi et al. 
[61]. The applied electric field suppressed chloride binding at lower free chloride 
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concentration (<97 g/L) while it was enhanced at higher concentrations. The decreased 
contact time and altered double layer potential of the pore walls were considered as influential 
causes. Also, Thomas [62] observed that the implementation of RCM test for two weeks prior 
to the diffusion method of more than 180 days reduced the amount of chemically bound 
chloride in cement mortar by up to 50%. The external electric field permanently changed the 
chloride binding capacity of the matrix. However, in the above-mentioned studies, chloride 
adsorption isotherms of samples were mostly considered and the free chloride concentration 
of samples with and without applied voltage were assumed to be identical to that in soaking 
solution. Besides, the differences between testing duration in diffusion and rapid migration 
were neglected in previous studies in order to ensure the same soaking time in the chloride 
solution. Based on these literature reviews, the effects of applied voltage on free chloride ions 
and chloride binding - physically adsorbed and chemically bound- in pore solution and EDL 
need further attention. 
2.1.2 Mechanism and modelling 
Studies on mechanism of chloride binding of cement-based materials mostly focus on C-
S-H [63] and AFm phase [64], as the former controls the physical adsorption while the latter 
dominates the chemical binding. However, it has also been investigated that the portlandite 
and ettringite [65, 66], also the Friedel’s salt [67] formed through the interaction of other 
AFm phases and intruding chlorides can also bind chloride ions [38]. Besides, the alumina 
phase in mineral component of cementitious materials such as C3A and C4AF can also bind 
chloride ions and transform into Friedel’s salt.  
AFm is the catch-all item for compounds with same structure, which include SO4-AFm 
(C3A·CaSO4·14H2O), HO-AFm (C3A·Ca(OH)2·12H2O), CO3-AFm (C3A·CaCO3·10H2O), 
and the combination of any two of them [38]. It is generally considered that AFm phases can 
chemically bind chloride by ion exchange, dissolution and precipitation mechanism. In 
hydrated cement-based materials, most of the AFm families always contain OH-, SO4
2- or 
CO3
2- ions, which can be displaced by chloride ions. With the substitution of chloride ions, 
AFm phases can convert to Friedel’s salt or Kuzel’s salt (C3A·1/2CaCl2·CaSO4·10H2O). 
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Balonis et al. [20] studied the effects of chloride ions on mineralogy of hydrated Portland 
cement systems, and proposed the schematic phase relation at 25 ºC between Friedel’s salt 
and other AFm phases shown in Figure 2.3. It can be seen from the figure that most of 
composition ranges were dominated by two solid phases of SO4-AFm and Friedel’s salt. 
Kuzel's salt can be destabilised at very small amounts of carbonate and will only be 
encountered in low-carbonate environments. 
 
Figure 2.3 Schematic phase relations at 25 °C, between Friedel's salt, monosulfoaluminate and 
monocarboaluminate [20] 
 
The study of Ekolu et al. [65] revealed the mechanism of chloride binding by ettringite. 
Ettringite can be formed with the desorbed sulphate from C-S-H gel without chloride source.  
With the increase of chloride concentration, monosulphate will release sulphate ions with the 
attack of chlorides and accelerate the formation of ettringite between sulphate ions and 
unattacked monosulphate. However, when chloride concentration exceeds a threshold value, 
both monosulphate and ettringite will be destroyed by chlorides and transform into Friedel’s 
salt and gypsum. According to Elakneswaran et al. [67], ettringite can also bind chloride ions 
by physical adsorption. While the remarkable small amount of ettringite in cement-based 
materials to that of C-S-H made this effect negligible. Even though some studies [66] 
obtained results that no chloride binding capacity can be obtained by ettringite, we can still 
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conclude that ettringite possesses the ability to bind chloride at some specific chloride 
concentration range and monosulphate plays an important role [20].  
Elakneswaran et al. [67] detected the bound chloride of synthetic portlandite and Friedel’s 
salt and obtained the chloride binding isotherms shown in Figure 2.4. The mechanism of 
chloride binding by portlandite and Friedel’s salt can be studied and expressed with the 
equations below: 
[Ca2Al(OH)6]
+ + Cl- + 2H2O ⟺ [Ca2Al(OH)6]Cl·2H2O                        2.1 
  [CaOH]+ + Cl- ⟺   CaOHCl                                           2.2 
The abilities of portlandite and Friedel’s salt to bind chloride were ascribed to the physical 
adsorption of chloride ions onto surface of solid phase.  
 
Figure 2.4 Amount of adsorbed chloride vs. initial chloride concentration for portlandite 
and Friedel's salt [67] 
 
The chloride binding ability of the C-S-H phase is from the greater surface area of C-S-H 
gels on physical adsorption of chloride ions. Hirao et al. [66] detected the morphology and 
structure of C-S-H gel before and after chloride adsorption, and no changes were obtained. 
EDL formed at the surface of C-S-H gel was applied to explain the ability of chloride binding 
[24, 67]. The capacity of C-S-H gel in chloride binding is dominated by surface area of C-S-H 
and zeta potential of EDL [68]. While C/S ratio of C-S-H gel [69] and pH value of pore 
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solution [34] can also bring some effects.  The physical adsorption of C-S-H gel and the 
theory of EDL will be introduced in sections 2.2 and 2.3. 
A thermodynamic model was applied in studying the chemical changes of concrete 
samples during the ingress of chloride ions, and for calculating the phase assemblage after 62 
days in saturated calcium hydroxide (Figure 2.5) [70]. Upon the ingression of NaCl, 
thermodynamics predicted the transformation of monocarbonate to Friedel’s salt and calcite.  
A time-dependent model to predict the chloride binding capacity of different hydrates was 
also proposed [71]. 
 
Figure 2.5 Calculated phase assemblage in (A) the CEM I and (B) CEM III sample subjected to 
NaCl solutions (165 g NaCl/l) [70] 
 
It has been widely accepted that it is necessary to consider the chloride binding when 
studying the chloride penetration process within cement-based materials. Chloride binding 
isotherm including linear, Langmuir, Freundlich and BET binding isotherms are mostly 
applied in describing chloride binding capacity of cement-based materials. Table 2.1 shows 
the value of parameters in Freundlich binding isotherm equation for different hydrates in 
reference papers. Tran et al. [72] investigated the chloride binding isotherms of various 
cements, and Freundlich and Langmuir isotherms were determined to respectively express 
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chemical and physical binding of various hydrates. Florea et al. [38] presented a model to 
express the chloride binding capacities of hardened cement pastes by taking into account the 
different binding isotherms for compounds discussed above. By comparing with experimental 
results, this model was proven to be more accurate in describing chloride binding capacity of 
hardened cement pastes. In another paper of Florea et al. [39], this model was also applied in 
studying chloride binding of slag-blended cements, while C-A-S-H was also taken into 
consideration. By using this method, chemically and physically bound chlorides were 
distinguished.  With the aid of a reaction model on relative contents of hydration products of 
hardened cement paste, this model was also applied in another research [73] to predict the 
chloride binding capacity, including physical adsorption and chemical binding. 
Table 2.1 The value of parameters in Freundlich binding isotherm   
CHCP=a · C
b 
Compounds  a  b Reference 
SO4-AFm 51.89 0.58 [66] 
HO-AFm -① -① [38] 
C3S 6.65 0.334 [74] 
C2S 7.89 0.136 [74] 
CH 0.087 0.62 [67] 
FS 0.31 0.46 [67] 
① COH-AFm = 126.5 was used to describe the chloride binding capacity of HO-AFm 
 
Even though chloride binding isotherms have been widely applied to quantify chloride 
binding capacity, the conventional binding isotherms still failed to fully represent chloride 
binding capacity of different cement-based materials or under different environments. Song et 
al. [75] studied the chloride binding capacity of cement pastes considering the different 
distances from natural immersion surface.  The research found that the conventional binding 
isotherm obtained from laboratory would underestimate the chloride binding capacity of the 
layers close to the surface, while it would overestimate the capacity as the distance from 
surface became larger. A hydroxyl-dependent chloride binding model was established to 
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better quantify the distance-associated chloride binding capacity. In a study on prediction of 
chloride binding isotherms by analytical model or numerical inverse analysis [76], time-
dependent numerical chloride binding isotherms from a given chloride binding profile and 
analytical model based on the composition of the material were introduced in detail. A good 
agreement was observed between predicted results from these two methods and experimental 
results for cementitious materials at equilibrium and in saturated conditions. 
2.2 Chloride concentrate 
In 1993, Japanese researchers Nagataki et al. [24] immersed cement paste slices with 3 
mm thickness in NaCl solution with same chloride concentration to sea water (0.547 mol/L). 
The pore solutions of paste samples were extracted by pore solution expression and the 
chloride concentration after a period time of immersion was determined. The results showed 
that the chloride concentration in the expressed pore solution gradually increased with 
soaking time. After 28 days of immersion, they found that the chloride concentration of the 
expressed pore solution was almost equal to that in soaking solution, while it almost doubled 
as the immersion time sequentially increased to 180 days. They defined this phenomenon as 
“chloride condensation”, and “chloride condensation index” as the ratio of chloride 
concentration in the expressed pore solution to that in soaking solution. However, this 
phenomenon is more close to the physical adsorption due to the EDL formed on the surface of 
solid phase, totally different from the definition of condensation in chemistry. In this study, 
definition of “chloride concentrate” and “chloride concentration index” are used to replace 
“chloride condensation” and “chloride condensation index”.  
Glass et al. [25] immersed 5 mm thick cement paste discs in 0.135 mol/L of NaCl 
solutions and found that the concentration of free chloride ions in pore solution was 30% 
higher than that of the exposed solution after 28 days of soaking. The release of weakly 
bonded chloride under high pressure was considered as the reason for higher chloride 
concentration. Li et al. [26] investigated the influences of curing time of cement paste, NaCl 
soaking concentration, soaking time, soaking temperature and pore solution expression 
pressure on the free chloride ion concentration in pore solution of cement pastes. They found 
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that the free chloride ion concentration in pore solution of the cement pastes increased with 
soaking time first, reached a peak, then decreased with soaking time. The “chloride 
concentration index” decreased apparently with the increase of chloride ion concentration in 
soaking solutions. 
Baroghel-Bouny et al. [77] tested the total chloride and water soluble chloride contents of 
concrete after soaking in 18.2 g/L of NaCl solution for 28, 56 and 90 days. The water soluble 
chloride concentration was almost as high as twice the value of soaking solution and they 
ascribed this to “chloride concentrate” phenomenon. In some subsequent researches, this 
phenomenon has been repeatedly verified [27, 78].  
Nagataki et al. [24] tried to interpret the “chloride concentration index” in pore solution of 
cement-based materials by using the theory of EDL firstly. Due to the surface potential of 
hydration products, the chloride ions in pore solution can be attracted and can further increase 
the concentration. During the process of pore solution expression experiments, the chloride 
ions in EDL can be extracted and can increase the chloride concentration in the expressed 
pore solution. After that, Yuan [27] calculated the thickness of EDL based on Debye equation, 
and gained the conclusion that the higher concentration of soaking solution, the thinner the 
thickness of EDL and the smaller the concentration index. Based on the results of Yuan, He 
[78] assumed the average concentration of chloride ion in diffuse layer and proposed a 
computational formula to calculate “chloride concentration index” caused by EDL formed 
within pore structure of cement-based materials.  
Based on a proposed EDL model and a given zeta potential, the relationship between 
chloride concentration of the expressed pore solution and exposure solution was investigated 
[79]. The variation of ratio of average chloride concentration in bulk pore solution and 
solution in EDL to chloride concentration of bulk pore solution between samples before (Ntb) 
and after expression (Nta) test and changes of pore structure were determined. The calculation 
results revealed the relationship between the index and zeta potential as shown in Figure 2.6.  
This calculation model explained the reason of higher chloride concentration in expressed 
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pore solution, even though some improvements on the formula used to calculate concentration 
index were still needed. 
 
Figure 2.6 Calculated concentration coefficient (Cr) of chloride ions in the expressed solution and 
the ratio (Cr/Ntb) of concentration coefficient of chloride ions in the expressed pore solution to that 
capable of transport in the specimen before the expression [79] 
 
The existence of “chloride concentrate” phenomenon has been studied for a period of time, 
while the mechanism of this phenomenon and its relation to EDL still fail to be clearly 
explained. 
2.3 EDL model and zeta potential 
2.3.1 EDL model 
In nature, the phenomena of electrization are ubiquitous at the interface of solid and liquid. 
The contact of an overwhelming majority of dispersion particles with polar solution or polar 
media will create an electrical charge. The charged dispersion system will attract ions with 
opposite charges so that the system as a whole is electrically neutral, which results in the 
27 
 
formation of EDL. Immersed in solution, the EDL forms at the interface of solid and liquid 
due to the ionization, ion exchange or binding and fraction contact.  
In 1853, the concept of formation of EDL at the interface of solid and liquid was firstly 
proposed by Helmholtz [80]. A parallel plate EDL model was established based on 
electrostatics theory. However, the thermal motion of ions in liquid was not considered in this 
model and failed to explain lots of phenomenon. On the basis of the Helmhollz model, Gouy 
and Chapman [81] developed the EDL model and proposed the concept of diffuse layer. The 
ions near the solid surface were under the effects of attraction from solid surface and thermal 
motion, which leads to the decrease of concentration as the distance to surface become greater 
until to the same concentration in bulk solution. Gouy-Chapman model achieved a great 
breakthrough in understanding the structure of EDL and interpretation of many electro kinetic 
phenomenon. However, this model neglected the radius of ions and used a point charge to 
express an ion, which results into some unreasonable conclusions obtained from this model 
[82]. Therefore, Stern [83] improved the Gouy-Chapman model and proposed a worldwide 
accepted Stern EDL model now.  
In the EDL model established by Stern, the EDL consists of two layers[84]: internal layer 
and external layer. Internal layer refers to compact layer while external layer refers to the 
diffuse layer. In compact layer, ions opposite to solid surface potential are strongly bound due 
to electrical or non-electrical attraction. Out of the compact layer, ions diffusely distribute in 
diffuse layer, where the concentration of counter- ion (ion with opposite charge of ions in 
compact layer) is higher than that of ions who take same charge as compact layer (co-ions). 
With the increase of distance to solid surface, the concentration of counter- ion decreases to 
that of bulk solution. In diffuse layer, there exists a shear plane, which locates close to the 
boundary layer between compact and diffuse layer. The solution on the side of pore solution 
is flowable and able to move with bulk solution. This movement generates a potential 
difference at the shear plane, which is zeta potential. 
For cement-based materials, the EDL forms at the interface between pore wall and pore 
solution. The main hydration product of cement-based materials is calcium silicate hydrates 
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(C–S–H). In fully hydrated Portland cement paste, C-S-H may reach up to 70% of total 
volume. Meanwhile, C-S-H has a high specific surface area. The surface of C–S–H is 
negatively charged due to ionization of silanol sites in alkaline condition. The dissociation 
equilibrium of silanol sites due to pH increase is given by:  
≡ SiOH+OH-⇔ ≡SiO− + H2O                                              2.3 
Within the cement-based materials, the hydration of cement may form portlandite and 
increase the concentration of calcium ions in pore solution. Generally, the pore solution in 
cement-based materials is saturated with calcium ions. The adsorption of Ca2+ on the silanol 
sites resulted in a positive charge: 
≡ SiOH + Ca2+ ⇔ ≡ SiOCa+ + H+                                         2.4 
When cement-based materials are immersed into a NaCl solution or chloride ions are 
penetrated into the samples from the environment, the chloride ions in pore solution can be 
adsorbed onto the silanol sites: 
≡ SiOH + Ca2+ + Cl− ⇔ ≡ SiOCaCl + H+                                2.5 
As the concentration of chloride ions in pore solution increases, the surface potential is 
decreased due to the adsorption of Cl- : 
≡ SiOH + Cl− ⇔ ≡SiOCl2− + H+                                          2.6 
He [79] suggested the following equation to calculate the coefficient of concentration 
increase (Nc) in a single size pore system: 
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Where Ri is pore size, ψo is Stern plane potential, L is the thickness of EDL, R is gas constant, 
T is temperature, and F is Faraday constant. 
Figure 2.7 shows the relationship between Nc and pore diameter Ri as calculated by 
Equation 2.7. It can be seen that Nc decreases with the increase of Ri. This trend seems to be 
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more significant when Ri is less than 20nm and when Stern plane potential is increasing. As Ri 
further increases, Nc gets close to 1.0. 
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Figure 2.7 Relationship between Nc and Ri [79] 
 
During the studies on ion transport in cement-based materials, a physical model of the 
EDL was proposed as shown in Figure 2.8 [28]. Based on the study and EDL model of Stern 
and England [85], Lowke and Gehlen [84] proposed an EDL model close to Figure 2.8, they 
also determined the potential distribution within the EDL shown in Figure 2.9. 
 
Figure 2.8 Schematic view of the EDL model [28] 
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Figure 2.9 Scheme of the EDL and potential distribution [84] 
 
Friedmann et al. [28] numerically modeled the electrical potential and the chloride ions 
distribution within diffuse layer of EDL with Poisson-Boltzmann and Nernst-Planck 
equations. The thickness of diffuse layer was calculated and the overlapping of EDL in small 
pore was also investigated. Based on the proposed physical model and calculation of chloride 
distribution in EDL, the effects of EDL on ions migration in cement-based materials were 
studied. Nguyen and Amiri [30] presented that EDL imposed more significant influences on 
the saturated concrete than unsaturated concrete due to the continuity of liquid phase. The 
chloride concentration in EDL was affected by the sign of zeta potential in EDL. Generally, 
the positive zeta potential can increase the chloride concentration in EDL, while the chloride 
concentration may be lower than that in bulk solution with negative zeta potential. In the 
study of Nguten and Amiri, the simulated chloride profiles were compared with the measured 
results and a good agreement was achieved when the effects of EDL were taken into account 
with the proposed model [29]. The zeta potential and pore diameter showed significant effects 
on chloride concentration within EDL as shown in Figure 2.10. In order to validate the 
modelling of EDL effects, a simulated current densities were compared to the monitoring 
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results of current densities during chloride migration tests on cement mortars and a good 
agreement was obtained [86]. 
 
Figure 2.10 Evolution of the “chloride concentration index” according to the characteristics related 
to the EDL (diameter, Zeta potential) [29]  
 
2.3.2 Zeta potential 
Generally, zeta potential of suspensions is one of the most relevant parameters controlling 
the rheological behavior and extensive studies have been conducted on zeta potential of 
cementitious suspensions and freshly mixed cement pastes. In a recent paper [84], the zeta 
potential of cement and additions in cementitious suspensions with high solid fraction was 
investigated. The results showed that value of zeta potential was mainly determined by 
concentrations of divalent calcium and sulphate ions and the adsorption of these ions onto the 
EDL decreased the absolute value of zeta potential. Besides the concentration of ions in 
solution, pH value and specific surface area of powders were considered to affect the value of 
zeta potential of suspension [87]. The studies of Gunasekara et al. [88] presented that the 
negative zeta potential of fly ash and other geopolymer indicated more reactive of these 
materials and more gel formation. Ersoy et al. [89] studied the influences of mixing water 
type (pure water, tap water, and NaCl and CaCl2 salt water) on zeta potential of Portland 
cement suspensions with time, and different time-dependent zeta potential values of Portland 
cement paste were obtained with different mixing water types. Due to the relationship 
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between zeta potential and rheology of cement suspension, the  effects of superplasticizer on 
zeta potential and rheological properties of cement paste have been also studied [90].  
For hydrated cement-based materials, many researches have reported the mechanism of 
EDL formation at the solid- liquid interface. Elakneswara et al. [67] measured the zeta 
potential of hydrated cement paste and its main phases in water. Friedel's salt and portlandite 
showed positive surface charge while other phases had negative surfaces in water (Figure 
2.11). For cement-based materials, the silanol sites (SiOH) of C-S-H gel were considered as 
the main phase controlling the properties of EDL. The physical adsorption of ions in pore 
solution onto surface of C-S-H can be expressed as: 
  SiOH + Ca2+ ⟺  SiOCa+ + H+                                                2.8 
  SiOH + Ca2+ + SO4
2- ⟺  SiOCaSO4
- + H+                                     2.9 
  SiOH + Ca2+ + Cl- ⟺   SiOCaCl + H+                                        2.10 
In another paper of Elakneswara et al. [91], the zeta potential and adsorbed ions content of 
slag-blended cement paste were studied. The results showed that the negative zeta potential 
may gradually increase to positive one with the increase of Ca2+ concentration, and both 
calcium and chloride were potential determining ions. However, the studies of Hocine et al. 
[92] showed that a negative zeta potential of cement paste was obtained when sodium 
hydroxide, potassium hydroxide solutions or deionized water were used as a support solution, 
while the addition of sodium chloride tended to make the zeta potential positive (Figure 2.12). 
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Figure 2.11 Zeta potential of different particles in water [67] 
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Figure 2.12 Zeta potential evolution of hardened cement paste with testing time [92] 
 
2.4 Interfacial and electrochemical properties measurement 
Cement-based materials are a sort of inhomogeneous material comprised of different 
components. The interface between two phases mostly controls the properties and 
performance of structure. In order to investigate the properties of EDL and mechanism of 
“chloride concentrate”, several measurements are applied to characterize the interfacial and 
electrochemical properties of cement-based materials in this study. In this section, techniques 
for interfacial and electrochemical properties measurement of cement-based materials, 
especially when chloride ions are penetrated, are summarized.  
2.4.1 AC impedance spectroscopy 
AC impedance spectroscopy has been applied to determine the parameters on chloride 
migration and diffusion, and to evaluate the steel corrosion of cement-based materials. 
Moreover, the capacitance properties of solid phase and solid-liquid interface can also be 
evaluated by this technique. The determination of appropriate equivalent circuit model is very 
important for analysis of AC impedance spectroscopy results.  
AC impedance spectroscopy is a non-destructive technique, which can be used to monitor 
the hydration process, structural development and interfacial properties of cement-based 
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materials. After being firstly used to characterize the electrochemical properties of cement 
pastes by McCarter in 1988 [93], AC impedance technique has been widely applied in 
monitoring early hydration, microstructural evolution and corrosion behavior of cement-based 
materials [94-97]. It has been demonstrated that AC impedance spectroscopy is a promising 
technique for revealing the variation of pore structure and ionic conductivity during the 
hydration of cement-based materials. 
The impedance spectrum is a plot that shows the results of AC impedance measurement, 
among which Nyquist plot is mostly used. In a Nyquist plot, the real and imaginary 
impedances are expressed in horizontal and vertical axes respectively and different circles 
and/or lines may be shown within different frequency ranges in the plots. In general, a typical 
impedance spectrum consists of a high and a low frequency arc, characterizing the bulk 
materials effect and polarization effect of electrode/specimen respectively. As shown in 
Figure 2.13, the low frequency line is treated as a large-diameter arc and a fairly complete low 
frequency arc can be obtained when testing frequency reaches as low as 10 -6 Hz. The 
complete high frequency arc may be obtained at different frequencies due to the differences in 
geometry of the testing samples [98].  
 
Figure 2.13 A typical Nyquist plot from AC impedance spectroscopy [98] 
 
  An equivalent circuit model, which is a model representing the electrical properties of the 
testing samples by series or parallel connection of different electrical components, is 
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important for the analysis of impedance results and has broadened the applications of this 
technique. Generally, complicated electrochemical systems form within cement-based 
materials when imperceptible electrical voltages are applied, which can be expressed by 
parallel or series connection of resistor, capacitor and/or inductor. With an appropriate electric 
circuit, the circuit parameters related to changes of the microstructure of samples can be 
obtained. Several models have been proposed in previous papers, which can be classified into 
four categories: (1) models based on simulation approaches; (2) microstructure-based models; 
(3) models for materials with mineral admixtures or conductive materials; and (4) chloride 
migration models. Table 2.1 summarizes equivalent circuit models in publications. Since 
1990s, extensive studies on the determination of equivalent circuit models for AC impedance 
spectroscopy have been conducted, which builds a foundation for wider range of applications 
of this technique in the next decades. An appropriate equivalent c ircuit model is very 
important for AC impedance spectrum analysis. However, the inhomogeneous structure and 
complicated components result into the indeterminacy of an electric equivalent circuit for a 
typical cement-based material.  
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Table 2.1 Summary of different equivalent circuits in literature 
Classifications References Equivalent circuit Description 
Models based on 
simulation 
approaches 
Scuderi 
[99] 
 
The relationship between element parameters and microstructure of 
cement pastes is lacking. 
Poupard  
[100] 
 
Rp is the polarization resistance 
Microstructure-
based models 
MacPhee 
[101] 
 
CP, BP, HP and UC represent the continuous electrolyte- filled pores, 
the discontinuous or blocked electrolyte-filled pores, the hydration 
products, and the unreacted cement respectively. 
Xie 
[102] 
 
R0 is the resistance of solid and liquid phases while R1 and C1 are the 
resistance and total capacitance of solid- liquid interfaces respectively 
Andrade 
[103] 
 
C1 is the dielectric capacitance related to solid phase,  R2 is the 
resistance of electrolyte filling pores, C2 relates to the chemistry of 
electrolyte inside pores. 
Song 
[104] 
 
C1 is the dielectric capacitance related to the continuous concrete 
matrix, R2 and R3 are the resistance of pore solution in the 
continuous and the discontinuous conductive paths,C3 is a double 
parallel plate capacitance related to the discontinuous cement paste 
layers in concrete 
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Cement-based 
materials with 
mineral admixtures 
or conductive 
materials 
Cruz 
[105] 
 
R1 is the resistance of electrolytes in connected pores,CPE2 is the 
EDL formed at solid-solution interface in the connected pores,  
capillary and gel pores of C-S-H,R3 and CPE3 are the resistance of 
solution and the ion diffusion in or near C-S-H gel pore 
respectively.R0 and CPE0 are related to the impedance of the 
electrode-solution interface 
Woo 
[106] 
 
Rp is the resistance of particles or fibers, Rmv and Cm are the 
resistance and capacitance of matrix phase, Rm
' and Cm' are the 
resistance and capacitance increased by insulating particles, Rm
''  and 
Cm
'' are the compensation resistance and capacitance for the increased 
R and C by Rm
' and Cm', Rc' and Cc' are the resistance and capacitance 
of passive oxide film at fiber coating, Rc and Cc are the resistance 
and capacitance related to electrode polarization effect 
 
 
 
 
 
 
 
Chloride migration 
models 
 
 
 
 
Shi 
[107] 
 
Rs is the resistance of electrolyte, Cd accounts to capacitance of the 
electrode/electrolyte interface. Faradaic impedance ZF here is used to 
characterize the reaction kinetics and diffusion, which is composed 
of the resistance of charge transfer Rct in series with the so-called 
Warburg impedance ZW describing the diffusion behavior. 
Sánchez 
[108] 
 
R0 is the resistance of electrolytes between the impedance 
spectroscopy measuring electrodes and the sample, R1 and R2 are 
resistances attributed to the ionic motion in percolating pores and in 
occluded pores respectively, C1 is the dielectric capacitance related 
to solid fraction, C2 is an ionic double layer capacitance at the pore 
walls- inner concrete electrolyte interface, R3 and C3 are the 
resistance and capacitance associated with the system external 
electrolytes-concrete interfaces, which are mostly removed in contact 
test. 
38 
 
Ac impedance spectroscopy had been widely applied in evaluating the chloride migration 
process and the interaction between chloride ions and hydration products within cement-based 
materials. In 2012, Mercado et al. [109] proposed a method to calculate the diffusion 
coefficient of a typical ionic species from the resistance of saturated materials. The Nernst-
Einstein equation and formation factor were used in this method. The chloride diffusion 
coefficients measured by this method were in agreement with those obtained by migration test 
and current measurement. Recently, Wu et al. [110] summarized the test procedures for 
determining the chloride ion diffusion coefficient based on AC impedance spectroscopy. 
Correction factors for different cementitious materials were proposed to eliminate the 
influences of other ions on testing results. Akhavan and Rajabipour [111] quantified the 
effects of cracks on ion diffusivity of cement paste calculated by AC impedance spectroscopy 
measurement, the results showed that the diffusion coefficients of cracked samples were 
significantly influenced by the crack volume fraction and there was linear correlation between 
them.  
Ismail et al. [112] studied the corrosion rate of reinforcing steel in conventional Portland 
cement concrete and high performance concrete (HPC). The results demonstrated a 
reasonable agreement among the results of AC impedance, Tafel plot and linear polarization 
resistance (LPR). Meanwhile, lower corrosion rates were obtained for HPC specimens 
compared to that in conventional cement concrete. Pradhan and Bhattachariee [113] 
conducted similar researches and correlated density of corrosion current icorr measured by 
different methods, and found the expression as follow: 
icorr (LPR) =1.10× icorr (AC impedance) =0.99× icorr (gravimetric)                2.11 
In order to assess the validity of AC impedance spectroscopy in estimating the corrosion 
rate of reinforced concrete, other techniques such as visual examinations [114] and corrosion 
potential measurements [115] were also conducted in other studies.   
Ortega et al. [116] studied the effects of environmental conditions on microstructure 
development of cement mortars with AC impedance spectroscopy and an equivalent circuit 
model proposed by Xie (Table 2.1 ) [102]. The results showed that the resistance R1 and 
capacitance C1 can be used to analyze the formation of solid phase within mortar samples and 
the results were in good agreement with those obtained by mercury intrusion porosimetry 
(MIP). With the proposed equivalent circuit model (Table 2.1), Sánchez et al. [108] 
investigated the modification of chloride ingress on spectroscopy properties of Portland 
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cement concrete. It was found that the capacitance of solid phase (C1) and EDL (C2) remained 
at a low and approximately constant value, which indicated that there were no distinct 
changes for solid fraction of concrete and interfacial properties at the pore walls. After a 
period of time, the precipitation of chloride ions within samples gradually increased the value 
of capacitance (Figure 2.14). 
 
Figure 2.14 Evolution of capacitance related to solid phase and EDL during the migration experiment 
[108] 
 
2.4.2 Zeta potential 
Understanding the properties of EDL and potential distribution in EDL (or diffuse layer) is 
important to study the mechanism of “chloride concentration” of cement-based materials. 
Zeta potential, or potential at the solid- liquid interface is a fundamental parameter 
characterizing the properties of EDL. Zeta potential is a parameter associated with detailed 
chemistry and distribution of potential or ions in EDL between substrate and solution. The 
assumptions in EDL model and complex nature of zeta potential make it complicated and 
difficult to measure and interpret [117]. Generally, the measurement techniques on zeta 
potential can be divided into three groups, (1) electrodialytic method, (2) streaming potential 
method or electrophoresis test, and (3) measuring response of a small spherical particle in an 
applied E-field or electroacoustic method. 
Electrodialytic method is a straightforward method to measure the zeta potential by testing 
the electroosmotic mobility of the dispersion medium, which can be directly related to zeta 
potential with the assumption of thin Debye layer. In early papers, electrodialytic method has 
been used to measure the zeta potential of single crystals [118]. However, the significant 
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effects of accumulating heat with the increasing electric field and surface tension on testing 
results mostly contribute errors to the measurement results.  
Unlike electrodialytic method, streaming potential method is a method to monitor the 
motion of dispersion phase relative to a fluid under the influence of an electric field. The most 
widely accepted theory of electrophoresis was developed in 1903 by Smoluchowski [119], 
and the zeta potential-    can be determined by the measured electrophoretic mobility-   : 
  
    
    
                                                             2.12 
Where V is the applied voltage,   is the viscosity of the solution,    is the dielectric constant 
of the medium, and D is the electrode separation. Steaming potential method has been widely 
applied in zeta potential measurement of suspension samples [120], and has also be used in 
studying the hydration of cement [121, 122] and interaction between ions and hydration 
products [123] and also ion interaction with solid phase [79]. However, Equation 2.12 is an 
approximation that only works for thin EDL, and the effects of electrode polarization also 
contribute to the sources of zeta potential measurement errors by this method, which limits 
the application of this technique. 
In 1933, Debye [124] found that an alternating electrical field can be generated with an 
applied sound wave passing through an electrolyte. A macroscopic current of the generated 
field can be measured by electrokinetic measurement, the current for solid samples was 
defined as colloid vibration current (CVI) or colloid vibration potential (CVP) [125]. The 
particle size distribution and zeta potential of colloid samples can be determined with the 
measured electrophoretic mobility or CVI under applied sound wave. For cement-based 
materials, electroacoustic method is mainly applied in investigating the hydration [126], 
superplasticizer adsorption [127-129] and chloride migration process [130].  
Comparing to other methods, such as electrophoretic and electrodialytic technique, 
electroacoustic technique shows to be superior in zeta potential measurement of aqueous 
colloids. Acoustic waves are appropriate for complicate system with high concentrations. 
Electroacoustic method has the advantages in measuring zeta potential of samples with higher 
concentrations, larger particle size range, consumes fewer samples and has been used to 
investigate the electrochemical properties of various materials. In this study, electroacoustic 
method is used to measure the zeta potential of freshly mixed and hardened cement paste, 
which can to some extent avoid variations in hydration and surface properties between diluted 
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and original samples. The mechanism of electroacoustic measurement and calculation of zeta 
potential can be expressed as follow: 
When placed in a sound field, the stability of EDL may be broken down. The surplus ions 
are removed and a new polarized state reoccurs, which results to the rearrangement of electric 
charge at the surface of particles. The polarization effects induce dipole moment and produce 
a colloid vibration current within the suspension system. 
 The colloid vibration current (CVI, ICV) is a kind of current at macro level for the 
suspension system. For thin EDL of monodisperse suspension and low conductivity, the 
macroscopic current and field intensity can be calculated based on Shilov Zharkikh cell model: 
brrII  cos/
        )cos（/ brbE                              2.13 
Where, r is polar coordinate, θ is polar angle, b is the cell diameter in cell model, ϕ is 
potential (V), <E> and <I> is macroscopic field intensity (N/C) and current (A). 
Based on Equation 2.13, ICV can be calculated as   
           brmCV rKI  /cos/-                                          2.14 
Where, Km is conductivity of medium (S/m). Introducing the Kuwabara cell model and 
considering the overlapping of EDL: 
p)1(  FGQICV 
                                                   2.15 
    ,/)1(1/23/)(2/j9G spSHshs  
pFQ sspm  ),2/()1(),3/()(2 0   
Where ζ  is zeta potential (V), ▽p is pressure gradient (Pa/m), j is imaginary unit, s=a[ω 
/(2υ)] 
1/2
 , a is fineness of dispersion phase (m), ω is ultrasonic frequency (rad/s), υ is 
kinematic viscosity (m
2
/s), h, H, S is special function proposed in Kuwabara cell model，ρp , 
ρs is density of dispersion phase and colloid respectively (kg/m
3
), φ is volume concentration, 
Ɛ0 and Ɛm is vacuum dielectric constant (F/s) and relative dielectric constant of dispersion 
medium, η is viscosity (Pa·s). 
2.4.3 NMR test 
Nuclear magnetic resonance (NMR) is a physical phenomenon with the absorption and re-
emitting of electromagnetic radiation by a nuclei in a magnetic field. Depending on the 
magnetic field strength and magnetic properties of the nuclei, the absorption and re-emitting 
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energy at a specific resonance frequency can provide some information on molecular structure 
and multi-phase interaction of crystal and non-crystalline materials. Magnetic resonance 
imaging (MRI) is also applied to structure imaging test. The observation o f NMR 
phenomenon can date back to 1940s, while the application of this technique on investigation 
of molecular dynamics and spatial structure determination of different complex materials has 
only become attractive after 1980s [131, 132]. Chemical shift, coupling constant and signal 
intensity are three main and important parameters which can be obtained from a measured 
NMR spectroscopy. At early time, the studies of NMR measurement and analysis mainly 
focused on 
1
H NMR due the high abundance of 
1
H in nature and strong signal strength 
generated. With the development of Fourier-transform technology and two dimensional (2D) 
NMR spectrum, the observation of signal of other atoms become practical. 
NMR measurement has been widely applied in studying the cement hydration, pore 
structure, molecular structure of hydration products of cement-based materials, and 
1
H, 
27
Al, 
29
Si and 
35
Cl NMR spectroscopy are mostly used. Water is an essential reactant of cement 
hydration and important media of aggressive substances, in which 
1
H NMR measurement can 
be used to detect the content and distribution results of cement-based materials [133, 134].  In 
2005, McDonald et al. [135] reported the first T1-T2 and T2-T2 2D nuclear spin relaxation 
correlation measurements of cement pastes and studied the surface relaxation and chemical 
exchange of water  between gel and capillary pores in hydrating cement pastes. By measuring 
the 
1
H NMR spectrum of cementitious materials during hydration, extensive studies have 
been conducted on cement hydration process [136-138], porosity and pore size distribution 
determination [139, 140] by 
1
H NMR. Different types of water including free state water and 
adsorbed water simultaneously coexist within cement-based materials, and characterization of 
water in different pore size ranges, such as intra- and inter- C-S-H gel pore, is of great 
significance for durability studies of cement-based materials, which has been also studied in 
previous studies applying 
1
H NMR measurement [141]. In this study, 
1
H NMR test is 
conducted to study the free and adsorbed water in cement paste. According to the different 
properties of free and adsorbed water, some previous studies have been conducted to 
distinguish these two different types of water by testing the 
1
H NMR spectrum under different 
freezing processes and suction [142].  
C-S-H gel is the main hydration product of cement, and accounts for about 70% of total 
volume in hydration products. As a non-crystalline substance, the chemical environment of 
elements within C-S-H plays a different role in molecular structure and properties of C-S-H 
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gel and hydrated cement. 
29
Si and 
27
Al NMR measurement is generally applied in studying 
the chemical structure and composition of C-S-H gel [143-145]. 
29
Si NMR can be used for 
quantification  of alite and belite in Portland cement [146, 147], while 
27
Al NMR can be used 
to investigate the Al in different phases of cement hydration products, such as the calcium 
aluminate [148, 149], alite and belite [150, 151], C-S-H [152, 153] and C-A-H phase [145, 
154]. Solid NMR technique is mostly applied for 
27
Al and 
29
Si NMR measurement. 
Chloride ions play an important role in corrosion of reinforced steel and durability of 
cement-based materials, several techniques have been applied in exploring chloride 
penetration and interaction between chloride ions and solid phase of cement concrete. 
27
Al 
NMR has been used to study the chloride binding by detecting the formation and content of 
Friedel's salt within cement concrete [155].  However, studies on chloride binding and 
chloride penetration by 
27
Al NMR are still lacking. 
In 2001, Yu and  Kirkpatrick [156] did 
35
Cl NMR test on different suspensions of cement 
hydrate phases, including portlandite, C4AC H11 (monocarboaluminate, an AFm phase), and 
jennite and studied the mechanism of chloride absorption. The results indicated that the 
adsorbed chlorides on surface of hydrated cement phases were solvated and experienced a 
rapid exchange with free chloride in bulk pore solution. The chloride binding capacities of 
portlandite and C4AC H11 are relatively higher than that of jennite, which was in good 
agreement with the results obtained by sorption isotherm. From the 
35
Cl NMR spectrum of 
dry cement concrete, Barberon et al. [157] observed the solid or adsorbed chloride within 
chloride- immersed concrete. By applying an embedded NMR device, free chloride was 
detected for aqueous chloride solution, cement pastes mixed with NaCl and a 20 years old 
field concrete from a sidewalk. The value of signal-to-noise ratio (SNR) was correlated to the 
content of free chloride in pore solution. Due to the low sensitivity of 
35
Cl or 
37
Cl, rare studies 
have been conducted with Cl NMR. Kirkpatrick et al. [158, 159] have reported some results 
by using 
35
Cl NMR on cement suspension, but not on cured cement paste. Due to the 
limitation of testing technique, high chloride concentration within testing specimens are 
mostly required for detectable results [160]. Especially for concrete, much higher magnetic 
strength is needed for a weak obtained signal.  
2.5 Summary 
Chloride binding plays an important role in chloride penetration process and service life 
prediction of cement-based materials. Chloride can be presented within cement-based 
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materials in the form of free state, physically adsorbed and chemically bound chloride. 
Generally, the corrosion of reinforcing steel is mostly affected by free state chloride in pore 
solution. “Chloride concentrate” is a phenomenon that chloride concentration in expressed 
pore solution from pore solution expression test is higher than that in soaking solution. 
Physical adsorption from EDL is considered as the reason for this phenomenon.  
This chapter reviews the mechanism of physical and chemical binding, the research 
progress of “chloride concentrate” and EDL model. The measurement techniques for 
interfacial and electrochemical properties of cement-based materials are also discussed.  
The following conclusions can be made: 
 The chloride binding capacity of cement-based materials is affected by externally 
applied voltage and SCMs addition, hydration products plays an important role in 
physical and chemical binding to chloride ions.  
 “Chloride concentrate” phenomenon is confirmed for cement-based materials and 
the higher chloride concentration in the expressed pore solution is resulting from 
the attraction of EDL on chloride ions.  
 EDL models, especially the developed Stern model can be used to describe the 
potential and ions distribution within EDL, zeta potential is an important parameter 
to characterize the properties of EDL. 
 The application of different advanced techniques provides more and better options 
to study the interfacial and electrochemical properties of cement-based materials. 
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“CHLORIDE CONCENTRATE” AND MICROSTRUCTURE 
EVOLUTION 
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3 FACTORS INFLUENCING CHLORIDE 
CONCENTRATION INDEX 
  
 
 
In this chapter, the factors that may influence the “chloride concentrate” are studied. The 
effects of internal factors including SCMs addition, maturity of cement pastes and water to 
binder ratio, and external factors including external applied voltage, cation ion and 
concentration of chloride solution on value of “chloride concentration index” of cement pastes 
are studied. 
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3.1 Background 
Chloride induced reinforcement corrosion has been one of the dominating problems 
leading to the deterioration of concrete structure. Pore solution expression method with high 
pressure is considered as the most reliable method to acquire pore solution and study the free 
chloride concentration. Duchesne and Bérubé [161] evaluated the validity of the pore solution 
expression method for determination of alkali concentrations in hardened cement pastes and 
mortars. Their results showed that the alkali concentration in the expressed pore solution was 
not affected by the pressure at which the pastes and mortars were expressed, and the presence 
of aggregate did not bring any changes to the testing results. 
After the discovering of chloride concentrate phenomenon in 1990s [24], extensive studies 
[26, 27, 78] have been conducted to investigate the factors that may affect chloride 
concentration index. Hu et al. [162] studied the chloride concentration in the expressed pore 
solution of cement pastes with different supplementary cementitious materials (SCMs) 
addition after 91 days of soaking in NaCl solution. The variations of pore structure, content 
and composition of hydration products from the replacement of SCMs with cement all 
resulted into the changes of chloride concentration. However, there were no sufficient 
experimental results to verify the explanation on how these factors affect chloride 
concentration in expressed pore solution. Experiments on interfacial properties and 
electrochemical features of cement-based materials after chloride penetration are needed.  
In this chapter, the factors influencing the chloride concentration in the expressed pore 
solution of cement pastes are investigated. SCMs replacement, maturity (curing and soaking 
time), w/b ratio, external applied voltage, cations and chloride concentration in soaking 
solution are divided into internal and external factors and studied. Pore structure, thermal 
analysis and zeta potential of cement pastes are tested to explain the variation of Nc with 
different influence factors. 
3.2 Materials and method 
3.2.1 Raw materials 
P·I 52.5 Portland cement (PC), Grade 95 slag powder, power plant fly ash and silica fume 
were used in this study. The PC had a specific surface area of 336 m2/kg. The mortar 
compression strength was 26.6 and 57.3 MPa at 3 and 28 days, respectively, based on GB/T 
17671-1999 (1999) (water/cement ratio=0.5, sand /cement ratio=3).  The density and Blaine 
specific surface area of slag were 2900 kg/m3 and 446 m2/kg. The chemical composition of 
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the cement and supplementary cementitious materials are given in Table 3.1, no chlorides 
were detected for materials used in this study. NaCl and AgNO3 were analytical grade 
chemicals. Deionized water was used to prepare solution for chemical analysis.  
 
Table 3.1 Chemical composition of raw materials (%) 
Raw Material SiO2 Al2O3 Fe2O3 CaO MgO K2O SO3 C 
Ignition 
loss 
PC 22.51 5.32 3.78 63.13 2.56 0.71 2.02 — — 
Slag 33.00 13.91 0.82 39.11 10.04 1.91 0.16 — 0.08 
Fly Ash 54.29 22.55 5.53 1.34 1.08 1.49 0.29 — — 
Silica Fume 93.9 — 0.59 1.85 0.27 0.86 — 1.06 2.25 
 
3.2.2 Sample preparation and immersion 
The composition of binders and w/b ratio designed for this study are listed in Table 3.2. 
PVC pipes with a size of Φ50×200 mm were used as moulds. One end of the mold was sealed 
with polyvinyl chloride board. After cement paste was cast into the mold, the other end of the 
mold was sealed with plastic film immediately, then placed in an oscillator for 6 hours of 
slow rotation to avoid segregation. After that, the specimens with mould were left in a room at 
20±2 ºC for 24 hours, then demolded and cut into thin-disc about 6 mm of thickness. 
The cement paste disc specimens were cured in water for 7 and 28 days, within which the 
last day of curing was 24 hours of vacuum saturation with saturated limewater. Then pastes 
were immersed into 0.1, 0.3, 0.5, 0.7 and 1.0 mol/L of NaCl solutions respectively in plastic 
containers covered with plastic film at 20 °C. The volume ratio of soaking solution to 
specimens was kept above 40. The solution was replaced every two weeks to ensure the 
relatively constant chloride ion concentration in the soaking solution. The cement paste disc 
specimens were then soaked in NaCl solutions before pore solution expression and chloride 
ion analyses. For studies of soaking time on Nc, specimens were immersed in NaCl solution 
for 56, 91, 118, 180 and 365 days in this study. For studies of w/b ratio on chloride 
concentration, cement paste slices of R1 with w/b ratios 0.3, 0.35, 0.4, 0.45, 0.50 and 0.60 
were also prepared. For studies on types of cations, NaCl, KCl and CaCl2 solutions were used 
as soaking solutions. The samples preparation and immersion process for externally applied 
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voltage were different from others, which will be described before the discussions on that 
section.  
 
Table 3.2 Composition of binders and water to binder ratio 
No. 
Composition of binder (w/ %) Water/binder 
ratio PC Fly ash Slag Silica Fume 
R1 100 0 0 0 0.4 
R2 85 15 0 0 0.4 
R3 70 30 0 0 0.4 
R4 55 45 0 0 0.4 
R5 80 0 20 0 0.4 
R6 60 0 40 0 0.4 
R7 40 0 60 0 0.4 
R8 95 0 0 5 0.4 
R9 90 0 0 10 0.4 
R10 85 0 0 15 0.4 
 
3.2.3 Free and total chloride test 
The specimens were rubbed with a cloth to obtain saturated surface dry condition, the 
cloth was soaked in the chloride solution and twisted. The specimens were crushed and placed 
into an expression apparatus and loaded to 510 MPa (900 kN) at a rate of 1.5~2.5 MPa/s. 
They were held at this pressure for 1 minute, then unloaded rapidly and the testing cycle was 
repeated once more. The pore solution expression apparatus and procedure are shown in 
Figure 3.1 and 3.2. The expressed pore solution was collected with an injection syringe whose 
pinhead was covered with a latex tubing to prevent leaking [163], then was injected into a 
plastic container and sealed immediately to avoid carbonation. The pore solution expression 
apparatus was cleaned with unhydrous ethanol between two pore solution expressions to 
avoid cross contamination. For every batch, three specimens were used for pore solution 
expression, and the reported results are the average of the three specimens.  
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Figure 3.1 Pore solution expression apparatus 
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Figure 3.2 Pore solution expression procedure  
The collected pore solution was diluted for 20 times for chloride ion titration using an 
automatic potentiometric titrator with a silver electrode (Figure 3.3). The titration solution 
was 0.01 mol/L of AgCl solution. At the end point of the titration, automatic potentiometric 
titrator calculated the chloride concentration automatically according to potential-volume 
curve. “Chloride concentration index” Nc was calculated by the following equation: 
Nc =ck/cb                                                        3.1 
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Where ck is the chloride ion concentration determined by chloride ion titration, cb is chloride 
ion concentration in exposure solution.  
The total chloride contents of cement pastes after soaking in chloride solution were 
measured in this study. The specimens were oven dried at 105±1 °C until constant mass. The 
Acid-soluble method [164] was used to measure the total chloride content of cement pastes. 
After being ground by ball mill until all of the powders had the diameter between 0.025 to 
0.045 mm, these powders were placed in 60 ºC vacuum drying oven for 24 hours. When 
testing the total chloride content, around 2 grams of powder of the samples and 120 mL of 
deionized water were mixed and 7 mL of nitric acid solution (2.4 mol/L) was added. The 
mixed solution was placed onto a heater and heated to boiling. Another 5 mL of nitric acid 
solution was added after the mixed solution was cooled down. The chloride content of the 
prepared solution was then tested by chloride potentiometric titration. 
 
Figure 3.3 Automatic potentiometric titrator  
 
3.2.4 Microstructure and electrochemical properties characterization 
Pore structure (MIP), thermogravimetric analysis (TGA), morphology feature test (SEM) 
and zeta potential measurement (Electroacoustic method) were conducted in this section to 
study the microstructure and electrochemical properties of cement pastes.  
3.2.4.1 Pore structure measurement 
Pore structure measurements were carried out on specimens in parallel to pore solution 
expression. The specimens were crushed into fragments of about 0.5 cm in size. Their rough 
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edges were chipped off by a plier. The small fragments were immersed in unhydrous ethanol 
for at least 24 hours to stop further hydration, then dried in an oven at 60 ºC until constant 
mass was reached. Pore structures of the dried cement pastes were measured by means of 
mercury intrusion porosimetry. Quantachrome PoreMaster 60 mercury injection apparatus 
shown in Figure 3.4 was used in this study. The contact angle was assumed as 140º, and 
surface tension 106.7 psi/μ m. 
 
Figure 3.4 Mercury injection apparatus 
 
3.2.4.2 Thermal analysis 
A simultaneous thermal analyzer (Figure 3.5) was used to conduct the TGA analyses on 
hardened cement paste. Specimens were crushed by a hammer and moved through 2 mm 
sieve. These particles were immersed in unhydrous ethanol for at least 24 hours to prohibit 
further hydration of cementitious materials, then dried in a vacuum oven at 60 ºC until 
constant mass was obtained. The particles were thoroughly ground with mortar and pestle 
after being cooled down. Powders smaller than 0.08 mm were placed in a vacuum oven at 105 
ºC for another 24 hours of drying, and 10-15 mg of powders were used as testing samples. 
They were heated from 20 to 980 ºC at heating rate of 10 ºC/min in a nitrogen atmosphere. 
Recorded TGA curves were used to determine the Friedel’s salt and calcium hydroxide 
contents, as shown in Figure 3.6.  
Grishchenko et al. [165] reported about 12.00% (four water molecules) of mass loss of 
Friedel’s salt at around 100-150 ºC and transferred to C3A•CaCl2•6H2O, and another 18% 
(six water molecules) at around 300 ºC. Friedel’s salt decomposes at about 300 ºC as follows: 
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C3A•CaCl2•6H2O  
℃300about
 C3A+ CaCl +6H2O↑ 
The mass fraction of Friedel’s salt is 
   ωF=(ωml×MF×100%)×( MF / MF1)/(MH2O×ωrm)                                      3.2 
Where, ωml is the mass loss at about 300 ºC, ωrm is residual mass at about 980 ºC on TGA 
curve, MF and MF1 is the molar mass of Friedel’s salt and C3A•CaCl2•6H2O and MH2O is the 
molar mass of water. 
Calcium hydroxide (CH) decomposes at about 450 ºC as follows: 
Ca(OH)2  
℃450about
CaO+ H2O↑ 
The mass fraction of calcium hydroxide is 
ωCH=(ωml×MCH×100%)/(MH2O×ωrm)                                           3.3 
Where, ωml is mass loss at about 450 ºC and ωrm is residual mass at about 980 ºC on TGA 
curve. MCH is molar mass of calcium hydroxide and MH2O is molar mass of water. 
 
 
Figure 3.5 Integrated thermal analyzer 
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Figure 3.6 TGA curves and determination of Ca(OH)2 and Friedel’s salt 
 
3.2.4.3 Morphology feature test 
After chloride content tests, samples were placed in a vacuum drying oven at 60 ºC until 
they reached a constant weight. Before the SEM analysis, the sample was sprayed with gold 
for 90 seconds. FEI QuANTA 200 environmental scanning electron microscope (Figure 3.7) 
was applied to investigate the micro morphology of the samples; and element composition of 
the specimens were analyzed in parallel by EDAX back scattered electron diffraction 
instrument. 
 
Figure 3.7 Environmental scanning electron microscope 
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3.2.4.4 Zeta potential measurement 
When the designed soaking time was reached, the samples were ground by ball mill and 
placed in a 60 ºC vacuum drying oven for 24 hours. The fraction of particles having diameter 
between 0.025 to 0.045 mm was separated by sieving and used for zeta potential measurement. 
The suspension was prepared by mixing powder samples with sodium chloride solution with 
concentration equal to that of corresponding soaking solution. The mass ratio of solid to 
liquid was 1:1. The suspensions were kept on a stirring apparatus for 6 hours, and kept still 
for one minute before the measurement. The zeta potential of the suspensions was measured 
with DT300 instrument shown in Figure 3.8. 
 
Figure 3.8 Zeta potential instrument  
3.3 Internal factors  
3.3.1 Supplementary cementitious materials replacement 
The chloride concentration indices Nc of cement paste specimens with different contents  
of slag are plotted in Figure 3.9 as a function of soaking solution concentration after 28 days 
of bath curing and 91 days of soaking. The Nc of pastes with 20% slag (R5) showed no 
obvious differences from the PC samples, then decreased with the increase of slag content 
from 20% to 60%. The paste specimens with 40% and 60% slag showed lower Nc than the PC 
samples (R1) did over the entire soaking solution concentration range. It can be seen that the  
variation of Nc of pastes with slag replacement from 20% to 40% was more notable than 
others.   
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Figure 3.9 Effect of slag content on Nc of cement pastes (28 days of curing and 91 days of soaking) 
 
The content of silica in slag is 33%, this is higher than that in cement which is 21.09%. 
When slag is used to replace PC, the quantity of C-S-H gel in hardened cement pastes may be 
increased due to pozzolanic reactions between slag and hydration products of PC. Compared 
to sample R1 (100% PC), hardened cement paste with slag can produce more [≡SiO–]. It will 
provide more adsorption groups. Therefore, the increase of C-S-H gel due to the slag 
replacement may enhance the ability of chloride adsorption which at last increases the 
concentration of chloride ion in the diffuse layer. Chloride ion in expressed pore solution 
includes chloride in both bulk solution and the solution in the diffuse layer. The slag 
replacement increases the chloride ion concentration in the diffuse layer. However, slag may 
change the characteristics of C-S-H and lower the surface potential of the pastes [166], which 
would have a negative effect on physical adsorption of chloride ions onto the pastes. That is 
why paste specimens with 20% slag replacement (R5) showed no obvious difference. In some 
cases, Nc was a little higher than that of PC specimens (R1) after 91 days of soaking in 
chloride solution.  
Nc decreased with the increase of slag replacement from 20 to 40%. The increase of slag 
replacement led to a reduction of cement content, and decreased the content of primary 
hydration product Ca(OH)2 significantly. These may have negative effects on pozzolan effects 
and the formation of C-S-H gel [167]. It can be illustrated by the fact that paste specimens 
containing 60% of slag had a higher porosity than those with 40% slag shown in Table 3.3. A 
comparison among R1, R5, R6 and R7 in Table 3.4 indicates that the percentage of total 
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Ca(OH)2 content by hardened cement paste showed a sharp reduction with the increase of slag 
replacement. Total Ca(OH)2 content of specimen R7, whose slag replacement was 60%, was 
only 36% of that in specimen R1. The decrease of cement and consumption of Ca(OH)2 
during pozzolanic reactions lower the pH of pore solution, even below 12.0 [168, 169], which 
may show negative influences on dissociation of silanol group and chloride adsorption by C-
S-H gel. 
 
Table 3.3 Pore structure of cement pastes with different slag replacements 
Sample 
No. 
Mineral 
Admixture 
Content 
Total 
porosity 
（%） 
Mode 
Pore 
Diameter  
（nm）  
Proportion of different Pore Sizes 
（%） 
5~10 10~50 50~1000 >1000 
(nm) (nm) (nm) (nm) 
R1 0 16.54 25.46 12.80 74.50 5.90 6.80 
R5 20%Slag 16.63 27.53 14.80 65.00 12.70 7.50 
R6 40%Slag 12.12 23.70 11.3 71.50 5.80 11.40 
R7 60%Slag 14.35 26.34 12.2 69.10 10.40 8.30 
The concentration of soaking solution is 0.5 mol/L. 
 
Table 3.4 Ca(OH)2 and Friedel’s salt contents in cement pastes with slag replacement 
No. 
Composition of binder (w/%) Ca(OH)2  
(% of binder) 
Ca(OH)2 
(% of PC) 
Friedel’s salt 
PC Fly ash Slag Silica Fume (% of binder) 
R1 100 0 0 0 16.22  16.22  3.94  
R5 80 0 20 0 9.07  11.34  4.81  
R6 60 0 40 0 6.03  10.06  5.11  
R7 40 0 60 0 2.87  7.17  5.97  
The concentration of soaking solution is 0.5 mol/L. 
 
Chemical binding is generally the result of the reaction between chlorides and C3A to 
form Friedel’s salt or the reaction with C4AF to form a Friedel’s salt analogue [170]. Sulfates 
react with C3A and C4AF and form ettringite or monosulphate. Thus, SO3 content in the 
cement has a negative influence on the binding capacity, especially in low chloride 
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concentrations (such as 0.1 mol/L). The content of Al2O3 in slag was higher than that in the 
cement, while the content of sulfate was lower, which may enhance the chemical binding of 
cement pastes. Results in Table 3.4 show that Friedel’s salt content in pastes increased 
significantly after slag replacement. Chemical binding and physical adsorption in cement 
pastes coexist in a competitive dynamic process [171]. The enhancement of chemical binding 
would decrease the chloride concentration in pore solution and inhibit the physical adsorption 
of chloride ions onto EDL. This is another reason for the reduction of Nc after slag 
replacement.  
Figure 3.10 shows Nc of cement pastes with different contents of fly ash over the chloride 
concentration range from 0.1 to 1.0 mol/L. It was obvious that the value of Nc of cement 
pastes with different contents of fly ash were lower than that of the PC paste sample. Over the 
chloride concentrations ranging from 0.1 to 0.5 mol/L, the higher the chloride concentration 
was, the lower the Nc was. Over the chloride concentrations ranging from 0.5 to 1.0 mol/L, 
the higher the fly ash replacement was, the less influence  of the chloride concentration of 
soaking solution on Nc was noticed. For paste specimens with 45% fly ash replacement, Nc 
reached 1.0 for chloride concentration of soaking solution higher than 0.5 mol/L.  
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Figure 3.10 Effect of fly ash on Nc of cement pastes (28 days of curing and 91 days of soaking) 
 
Fly ash has a lower CaO content, which results in a lower chemical activity, especially for 
early activity. Many studies [172-174] have shown that fly ash had very limited degree of 
reaction after 28 days of hydration, but increased after 90 days of hydration. C-S-H gel is the 
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main hydration compound for physical adsorption of chloride ion. The C-S-H content of paste 
with fly ash was lower than that of PC pastes, which may have negative effect on chloride ion 
adsorption. Therefore, Nc of specimens with fly ash was lower than PC pastes.  
As soaking time increased, fly ash started to take part in hydration reaction and produced a 
certain amount of hydration products. Poon et al. [175] found that hydration degree of fly ash 
after 56 days of curing increased 3~5 times compared to that after 7 days of curing. 
Pozzolanic reaction of fly ash increases the content of C-S-H in the cement paste and chloride 
adsorption group, which will finally increase chloride ion adsorption capacity of the pastes. In 
the meantime, hydration of fly ash consumes a portion of OH-, which lowers alkalinity of the 
specimens and affects the hydrolysis of silanol sites. Thus, pastes with partly fly ash 
replacement showed a lower Nc value than that of PC specimens, even though hydration 
degree increased. 
The Figure 3.11 shows the pore size distribution of hardened cement pastes with different 
fly ash replacements after 91 days of soaking in NaCl solution. Pastes with fly ash have 
porous structure, which may decrease the effects of chloride adsorption in EDL on chloride 
concentration of the expressed pore solution [176]. 
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(b) Differential distribution of pore size  
Figure 3.11 Effect of fly ash content on pore structure of cement pastes after 91 days of soaking 
in 0.5mol/L NaCl solution 
 
The hydration products of fly ash pastes were less than that of PC pastes due to low 
reactivity of fly ash. It can be seen from Table 3.5 that fly ash had no significant effects on 
Ca(OH)2 content of cement pastes. With the increase of fly ash replacement in cement paste, a 
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higher percentage of large diameter pores and more porous structure were formed in hardened 
cement paste. It has been investigated that Nc was significantly reduced with the increase of 
pore diameter [79]. The micro-aggregate effect of fly ash can decrease the porosity and 
content of small pores in the hardened cement pastes to some extent. However, the lower 
activity of fly ash led to a reduction of C-S-H content in the cement pastes at early ages and 
decreased the content of chloride ion adsorption group in the cement pastes. Meanwhile, the 
increase of large pore may weaken the adsorption capability of pastes in pore solution. This 
explains why the chloride concentration indices of fly ash cement pastes decreased with the 
increase of fly ash replacement.  
 
Table 3.5 Ca(OH)2 and Friedel’s salt contents in cement pastes with fly ash replacements  
No. 
Composition of binder (w/%) Ca(OH)2  
(% of binder) 
Ca(OH)2 
(% of PC) 
Friedel’s salt 
PC Fly ash Slag Silica Fume (% of binder) 
R1 100 0 0 0 16.22  16.22  3.94  
R2 85 15 0 0 14.17  16.67  4.31 
R3 70 30 0 0 12.09  17.27  4.58  
R4 55 45 0 0 9.51  17.29  4.97  
 
The value of Nc of cement pastes specimens prepared with 0, 5, 10 and 15% silica fume 
after 91 days of soaking are shown in Figure 3.12. It can be seen that, compared to PC paste 
specimens, Nc of the pastes with silica fume showed a significant reduction and decreased 
with the increase of silica fume content. The changes of Nc of paste specimens whose silica 
fume content ranges from 0% to 5% are more significant than that from 5% to 10% when 
soaking solution concentration was higher than 0.3 mol/L. With the increase of soaking 
solution concentration, differences in Nc between paste specimens with different silica fume 
replacements from 5% to 15% decreased and were closed to 1.0 when soaking solution 
concentration was higher than 0.5 mol/L.  
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Figure 3.12 Effect of silica fume on Nc of cement pastes (28 days of curing and 91 days of soaking) 
 
Silica fume has typical size of about 0.2 μm and very high chemical activities. The 
combination of physical and chemical properties of silica fume decreases the number of 
connected pores, improves pore structure, and increases the difficulty for chloride ion to 
penetrate into paste. Experimental results in Table 3.6 showed that with the increase of silica 
fume replacement,  the mode pore diameter and the portion of pore with diameter from 50  
mm to 1000 mm decreased. For total porosity, the samples of R1 and R8 shows slight 
differences, while the samples with 10% and 15% silica fume shows decreasing total porosity 
with silica fume content.   
 
Table 3.6 Pore structure of cement pastes with different silica fume replacements 
Sample 
No. 
Mineral 
Admixture 
Content 
Total 
porosity 
（%） 
Mode 
Pore 
Diameter  
（nm）  
Proportion of different Pore Sizes 
（%） 
5~10 10~50 50~1000 >1000 
(nm) (nm) (nm) (nm) 
R1 0 16.54 25.46 12.80 74.50 5.90 6.80 
R8 5%Silica Fume 16.77 20.52 11.4 79.10 4.10 5.40 
R9 10%Silica Fume 14.84 16.02 10.3 79.30 3.70 6.70 
R10 15%Silica Fume 14.59 15.69 10.2 77.50 3.80 8.50 
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Table 3.7 shows that silica fume content had an obvious effect on content of Ca(OH)2 in 
the hardened cement pastes due to pozzolanic reaction between  silica fume and Ca(OH)2. For 
the specimens with 15% silica fume, the Ca(OH)2 content was about half of that in the PC 
pastes. The decrease of Ca(OH)2 content in hydration products will reduce the C/S ratio of C-
S-H gel. The presence of silica fume results in much more C-S-H gel formed within cement 
pastes and enhances the chloride ion adsorption capacity of the pastes. However, the 
reduction of C/S ratio of C-S-H has negative effects on physical adsorption and leads to a 
reduction of chloride ion concentrations in the diffuse layer of the EDL [178, 179]. Studies 
[180] indicated that the C-S-H generated form pozzolanic reaction had lower chloride 
adsorption capacity than that generated from cement hydration. All these factors led to lower 
chloride concentration index of silica fume pastes than that of the PC pastes after 91d of 
soaking in NaCl solutions.  
 
Table 3.7 Ca(OH)2 and Friedel’s salt contents in cement pastes with silica fume replacements  
No. 
Composition of binder (w/ %) Ca(OH)2  
(% of binder) 
Ca(OH)2 
(% of PC) 
Friedel’s salt 
PC Fly ash Slag Silica Fume (% of binder) 
R1 100 0 0 0 16.22  16.22  3.94  
R8 95 0 0 5 8.41  8.85  3.19  
R9 90 0 0 10 6.68  7.42  3.20  
R10 85 0 0 15 4.06  4.77  2.19  
 
3.3.2 Maturity of cement paste  
Figures 3.13 and 3.14 show the development of Nc as a function of bath curing time and 
soaking time in NaCl solution. It can be seen that the value of Nc decreased with the increase 
of curing time before soaking in chloride solution regardless of the addition of SCMs. Except 
for the group with silica fume, the influences of curing time on chloride concentration in the 
expressed pore solution were weakened with the increase of soaking time. Especially, for 
pastes with 30% fly ash replacement, Nc decreased 12.3% with the increase of curing time in 
Figure 3.13 (a). While only 5.0% of decrease was noticed as the soaking time increased to 
365 days for the same group shown in Figure 3.13 (b). Even though the replacement levels for 
different types of SCMs shown in Figure 3.13 were not consistent, we can still find that the 
effects of bath curing time on PC and silica fume groups were relatively larger than that on 
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samples with slag and fly ash. When the curing time was fixed for different samples, the value 
of Nc gradually increased firstly with the soaking time in NaCl solution, afterwards became 
stationary, even a slight reduction was detected for some groups.  
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(a) 91 days of soaking 
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(b) 365 days of soaking 
Figure 3.13 Nc of cement pastes as a function of curing time 
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(a) 7 days of curing  
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(b) 28 days of curing 
Figure 3.14 Nc of cement pastes as a function of soaking time 
 
Two factors that can affect the adsorption of chloride ions on EDL may be the pore 
structure and interfacial properties of hydration products. The pore structure and compactness 
of cement samples controls the penetration process of chloride ions from soaking solution into 
the samples.  It can be easily understood that the increase of curing time before soaking can 
decrease the porosity of cement-based materials and improve the inner pore structure. In some 
previous studies [26, 27, 78], the effects of pore structure of samples before immersion on 
value of Nc have been investigated. The results showed that the extended curing time 
improved the pore structure and decreased the percentage of continuous pores, which 
inhibited the diffusion of chloride ions within the samples. Figure 3.15 shows the test results 
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of total chloride content of 100% PC samples with 91 days of soaking in sodium chloride 
solution. The extent of curing time improved the pore structure and decreased the diffusion 
rate of chloride ions within samples, therefore the total chloride content gradually decreased. 
The reduced chloride content within samples can decrease the chloride concentration in pore 
solution and the value of Nc. Especially for samples with 100% Portland cement and silica 
fume, the higher early hydration rate of cement and silica fume results into greater influences 
of curing time on content of penetrated and adsorbed chloride than in samples with fly ash 
and slag.  
When soaking time of samples were increased, the effects of curing time could be 
decreased due to the longer time of soaking and also curing in sodium chloride solution. In 
Figure 3.13 (a), the value of Nc decreased 19.2, 13.0, 12.3 and 22.0% with the increase of 
curing time for the four groups, while it decreased 16.8, 8.5, 4.7 and 14.4% as the soaking 
time increased to 1 year. For cementitious materials with lower early hydration rate, such as 
fly ash and slag, effects of curing time at the early time on structure and chloride migration 
are relatively lower. This can be the reason for the slight decrease of Nc with curing time for 
samples blended with fly ash and slag, especially with longer soaking time.  
 
0.5
1.0
1.5
2.0
2.5
1.00.5
T
o
ta
l 
c
h
lo
ri
d
e
 /
(%
)
Concentration of soaking solution /(mol/L)
  7d of curing
 28d of curing
 91d of curing
0.1
 
 
 
Figure 3.15 Total chloride content of cement paste with 100% PC (soaking time = 91 days) 
 
Another factor that may affect the adsorption of chloride ions and the value of Nc are the 
interfacial properties of hydration products, or C-S-H gel. Figure 3.16 shows the value of zeta 
potential with different concentrations of soaking solution and soaking time. With the 
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increase of soaking time, the hydration of cementitious materials increased the content of 
hydration products and number of the adsorption sites (silanol groups) on the surface of C-S-
H gel. The formation of adsorption sites may increase the content of chloride ions that can be 
adsorbed onto the surface and increase the zeta potential. Therefore, the value of Nc rapidly 
increased from the start of immersion in sodium chloride solution. However, when the 
soaking time increased continuously to 1 year, the slowdown of hydration reaction stopped 
the development of zeta potential. In some previous studies [181], a fluctuation or even slight 
decrease of zeta potential was detected after reaching the peak point. While the adsorption of 
chloride ions on solid surface approached saturation, the increase of chloride concentration in 
soaking solution may increase the concentration of counter- ion in Stern layer and decrease the 
value of zeta potential. Therefore, after soaking in sodium chloride solution for a while, the 
value of Nc became unchanged, and sometimes even slightly decreased.  
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Figure 3.16 Zeta potential of samples after 28 days of bath curing (soaking solution 0.5M NaCl) 
 
Comparing the evolution of Nc with soaking time among different groups, it can be found 
that samples with SCMs required longer time for saturation of chloride adsorption within 
EDL. Generally, the addition of SCMs like slag, fly ash or silica fume can improve the long-
term strength of cement-based materials [182, 183]. On the one hand, the improved pore 
structure extends the migration process of chloride ions in pore solution; on the other hand, 
the lower hydration reaction rate at early stage like in case of fly ash leads to the formation of 
hydration products even at later ages. Therefore, it can be seen from the Figure 3.14 that the 
development of Nc of samples with SCMs was more significant than for 100% PC samples at 
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later ages. For samples with silica fume, the chloride concentration still increased even after 1 
year of soaking in chloride solution. 
 
3.3.3 Water to binder ratio 
Figure 3.17 shows the value of Nc of 100% PC samples with different w/b ratios after 28 
days of bath curing and 91 days of soaking in 0.5 mol/L NaCl solution. It can be seen from 
the figure that the chloride concentration in expressed pore solution gradually decreased with 
the increase of w/b ratios from 0.3 to 0.6.  
Li [181] investigated the effects of w/b ratio on chloride concentration in the expressed 
pore solution and obtained similar results as this study. The effects of w/b ratio on Nc mainly 
come from the increased porosity and pores with large diameter with the increase of w/b ratio. 
The thickness of EDL and content of chloride ions concentrated within EDL are determined 
by the chloride concentration in bulk pore solution and interfacial properties. However, with a 
certain chloride content in EDL, the larger the pore is, the lower the percentage of chloride 
ions in EDL to that in bulk pore solution is. Therefore, the incremental large pore percentage 
with w/b ratio may result into lower percentage of chloride ions in EDL compared to the total 
expressed chloride content in the expressed pore solution and may decrease the value of Nc.  
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Figure 3.17 Nc of cement pastes with different w/b ratios after 91 days of soaking 
 
3.4 External factors  
3.4.1 External applied voltage 
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In this section, specimen molds with Φ 100 x 200 mm PVC pipe were used for rapid 
chloride migration (RCM) tests and natural diffusion tests. Cement paste disc specimens were 
cured in water for 27 days before about 24 hours of vacuum saturation with saturated 
limewater. After that, the samples were divided into two groups. The specimens immersed in 
different concentrations of NaCl solutions (0.1, 0.5 and 1.0 mol/L) go to group A, while the 
specimens of group B were cured in water for another 207 days. After soaking in water, 
specimens of group B were used for accelerated chloride ion migration test following RCM 
test method as described by Tang [32]. At the cathode side, 12 liters of corresponding 
concentration of soaking NaCl solution were used. Also 0.3 mol/L NaOH solution was used at 
the anode side. To ensure the chloride ions been penetrated through the specimens, 10 V and 
60 hours were chosen according to results of preliminary experiment.  
Figure 3.18 shows the “chloride concentration index” Nc of group A specimens (diffusion 
test, 210 days of soaking) and group B (RCM test, after 207 days of bath curing and 60 hours 
of rapid migration test). The results showed that the value of Nc in group B was much higher 
than that of group A. The value of Nc constantly decreased with the increase of concentration 
of NaCl solution, while the declining rate for samples in rapid migration test (group B) was 
higher than that of group A. For samples of group B, the “chloride concentration index” 
decreased from 3.6 to 1.8 when the chloride concentration in catholyte solution increased 
from 0.1 to 1.0 mol/L. As can be seen, the chloride concentration in soaking solution did not 
change the chloride content of PC samples under natural immersion when the molarity of the 
solution increased from 0.5 to 1.0 mol/L. 
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Figure 3.18 Nc of samples with 100% Portland cement 
 
Figure 3.19 shows the SEM micrographs images of cement pastes of group A (Figure 3.19 
b) and B (Figure 3.19 c) and reference group  only cured in water during the experiment 
(Figure 3.19 a). It can be easily seen from these figures that the inner microstructure of 
cement paste was significantly densified in the environment of chloride salt, especially for the 
sample of group B. According to the pore analysis results shown in Table 3.8, the porosity of 
the reference group sample was the highest, while the cement paste of group B showed lower 
porosity than other two groups. The right side of Figure 3.19 shows the EDX spectrum of C-
S-H gel, corresponding to the point A in the left side. The relative contents of oxygen, silicon 
and calcium element of C-S-H gel are shown in the EDX figures. The C/S ratios of C-S-H in 
reference group and group A and B are 1.84, 1.94 and 2.21 respectively. 
The other detectable phase change induced by chloride ions is formation of Friedel’s salt. 
Generally, production of “Friedel’s salt”,  3CaO·Al2O3·CaCl2·10H2O, or the analogue of 
Friedel’s salt by penetration of chloride ions can be expressed with the bellow chemical 
reaction [165]: 
Ca(OH)2+NaCl↔CaCl2+2Na
++OH-                                                 3.4 
C3A+CaCl2+10H2O→C3A.CaCl2.10H2O                               3.5 
 The morphology of Friedel's salt resembles a hexagonal slice with similar crystal shape 
and larger size than that of the hydrated products of C3A. According to Figure 3.20, the size 
of Friedel’s salt in group A (point B) was obviously bigger than that of group B, and the 
shape of Friedel’s salt of group A was more close to the hexagonal slice. The change in 
morphology of the Friedel’s salt was mostly corresponded to accelerated migration of ions 
when the external voltage was applied. In samples under natural diffusion (group A), chloride 
ions diffused across into cement pastes with a much slower speed and had enough time to be 
fully reacted with the solid phase within samples. While, the applied voltage significantly 
accelerated the migration of chloride and shortened the contact time between chloride ions 
and hydration products of cement pastes. Therefore, the Friedel’s salts produced by diffusion 
chloride ion were more integrated and had a larger size. The formation of Friedel’s salt with 
larger size may occupy the space of macro pore (above 50 nm) and decrease the porosity, 
accordingly (Table 3.8). In this study, no Friedel’s salt was detected in the reference group.  
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Figure 3.19 (a) SEM and EDX of cement paste of reference group 
 
 
 
Figure 3.19 (b) SEM and EDX of cement paste of group A with 0.5 mol/L NaCl solution 
  
Figure 3.19 (c) SEM and EDX of cement paste of group B with 0.5 mol/L NaCl solution 
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Table 3.8 Pore size distribution of cement paste samples with 100% Portland cement 
Conditions 
Density 
/g.cc-1 
Total 
porosity/% 
Mean 
size/nm 
Mode 
size/nm 
Median 
size/nm 
Pore size distribution/nm 
5-10 
10-
50 
50-
1000 
>1000 
Water 
curing 
2.04 24.24 17.65 23.40 23.40 16.85 70.84 3.13 9.18 
Natural 
soaking 
2.12 18.16 15.31 18.51 18.24 17.90 73.23 4.10 4.77 
Electro 
migration 
2.14 18.02 16.32 17.35 22.01 20.71 63.57 9.22 6.50 
 
  
Figure 3.20 (a) SEM of cement paste sample 
of group A with 0.5 mol/L NaCl solution 
Figure 3.20 (b) SEM of cement paste sample 
of group B with 0.5 mol/L NaCl solution 
 
The results revealed that acceleration of ion migration by external voltage increased the 
concentration index in samples regardless of the soaking solution concentration. As discussed 
above, the applied voltage altered the microstructure and composition of hydration products,  
which are two major factors affecting the “chloride concentration index” of cement-based 
materials. The applied voltage also altered the density and distribution of surface potential in 
hydration products and affected the zeta potential of EDL. Figure 3.21 shows the zeta 
potential of hardened cement paste of group A and B; the result of bath cured sample is also 
presented as reference. The zeta potential of reference sample was about 3.9 mV and was 
decreased with the increase of sodium chloride concentration in the solution both for diffusion 
and rapid migration tests. The zeta potentials of samples subjected to rapid migration test 
were higher than that of samples with natural immersion, especially for samples exposed to 
lower sodium chloride concentration solutions. The C/S of C-S-H as well as the concentration 
of Ca2+ and Cl- in pore solution affected zeta potential of cement paste. In an unpublished 
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paper of the authors [184], the relationship between zeta potential and chloride concentration 
in expressed pore solution of cement paste was studied. According to the results obtained in 
that study, higher zeta potential and larger EDL thickness contributed to a higher chloride 
concentration in EDL and in the expressed pore solution. In this study, higher “chloride 
concentration index” was obtained in group B samples due to larger zeta potential caused by 
the applied voltage. 
As discussed above, the porosity and pore size distribution of cement paste also affected 
the value of Nc. According to the Stern model [185], the chloride concentration in EDL was 
higher than that of bulk pore solution. The applied high pressure during pore solution 
expression can extract the chlorides in EDL together with bulk pore solution and increase the 
chloride concentration in the expressed pore solution to a level higher than that of bulk pore 
solution or soaking solution. The smaller pores contain a higher percentage of solution in 
EDL to total expressed pore solution which increases the value of Nc. According to the pore 
analysis results, the chloride ions penetrated into cement paste samples improved the pore 
structure of samples and the porosity was significantly decreased. Comparing the pore size 
distribution of group A and B, the total porosity of cement paste with applied voltage was 
almost the same as that of samples in diffusion test, while the percentage of gel pores (5-10 
nm) was higher. The rapid migration test accelerated the penetration of chloride ions, which 
can be precipitated on the pore walls at a relatively high speed. This may densify the pore 
structure of samples and shift the pore size distribution to a finer matrix with higher 
concentration of gel pores which can ultimately increase the chloride concentration in the 
expressed pore solution. Conclusively, the higher value of Nc of group B can be related to the 
higher chloride ion concentration in EDL as a result of the higher zeta potential and the denser 
pore structure in micro scale caused by external voltage. 
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Figure 3.21 Zeta potential of hardened cement paste with 100% Portland cement 
 
Results showed that the differences of Nc between group A and B decreased as the chloride 
concentration in soaking and catholyte solutions increased. The diffusion of chloride from 
external solution to interior pore solution was initiated and determined by the concentration 
gradient, however, the applied electric field can accelerate the penetration of chloride ions. 
When the concentration of external solution was lower, the concentration gradient force was 
weak and the chloride migration in pore solution was more controlled by the applied voltage. 
With the increase of chloride concentration in the soaking solution, the concentration gradient 
force gradually increased. Therefore, the gap between concentration indexes of samples of 
group A and group B were gradually narrowed as the concentration in soaking solution 
increased, which can be also seen from the effects of applied voltage on zeta potential shown 
in Figure 3.21. 
The contents of different forms of chloride ions by mass of cement paste for samples 
immersed or exposed in 0.5mol/L sodium chloride solution are shown in Table 3.9. In this 
section, the chloride ions in diffusion layer together with bulk pore solution (free state 
chloride) were measured by pore solution expression method, while the thermal analysis 
results were used to evaluate the content of Friedel’s salt and transferred chloride content 
(chemically bound chloride). Besides, the stationary chloride ions tightly abso rbed and 
chemically bound by C-S-H gels (C-S-H bound chloride) also play an important role on 
chloride binding. Slight amounts of chloride ions can also be adsorbed by other hydration 
products such as Ca(OH)2, which were ignored here. In this section, free state chloride 
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measured by pore solution expression, chemically bound chloride calculated from Friedel’s 
salt, and the rest as C-S-H bound chloride were studied. 
Table 3.9. Different types of chloride ions within cement paste (% of mass) 
*The chloride concentration in expressed pore solution is transferred to chloride content by MIP test 
results 
 As can be seen from Table 3.9, the applied external voltage mainly affected the physically 
bound chloride and ions at their free state. No obvious effect on content of chemically 
absorbed chloride in Friedel’s salt was detected. The differences of total chloride in group A 
and B mainly came from the effects of applied voltage on chloride ions absorbed by C-S-H 
gel and free state chloride content obtained by pore solution expression.  
3.4.2 Cations 
Figure 3.22 shows the value of Nc of cement pastes after 28 days of curing and 91 days of 
soaking in different types of chloride solution. It can be seen from the figure that for cement 
pastes immersed in NaCl, KCl and CaCl2 solutions, CaCl2 immersed samples obtained the 
highest chloride concentration in the expressed pore solution, followed by NaCl solution, and 
KCl. Among all of these samples, the value of Nc decreased with the increase of chloride 
concentration in soaking solution. 
 
Sample 
Total chloride/% 
Free state 
chloride/%* 
Chemically bound 
chloride/% 
C-S-H bound 
chloride/% 
Group A Group B Group A Group B 
Group 
A 
Group B Group A Group B 
PC 1.48 1.86 0.34 0.57 0.63 0.61 0.51 0.68 
20% SL 1.52 1.90 0.44 0.60 0.56 0.57 0.52 0.73 
40% SL 1.63 1.96 0.43 0.65 0.68 0.68 0.52 0.63 
60% SL 1.37 1.75 0.42 0.64 0.86 0.85 0.10 0.26 
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Figure 3.22 Nc of cement pastes after 91 days of soaking in chloride solution with different cations 
 
According to the description and discussion on EDL model given above, the type and 
concentration of co-ions and counter- ions are important for zeta potential and ion distribution 
within EDL. In previous studies [122], the chloride binding capacity of cement pastes on 
sodium chloride and calcium chloride were detected and compared. It was found that the 
adsorption of sodium chloride increased the pH value of pore solution and prohibited the 
precipitation of calcium hydroxide. The results showed that more chloride ions can be 
adsorbed by hydration products for CaCl2 solution immersed samples. For zeta potential of 
cement pastes, calcium ions are more important and mostly the sign and value of zeta 
potential are controlled by the concentration of calcium ions in pore solution [186]. Viallis-
Terrisse et al. [123] reported that the value of zeta potential of C-S-H gel was gradually 
increased with increase of calcium ion concentration in solution and calcium ions were 
considered as the potential-determining cation ion for the C-S-H surface. Figure 3.23 is the 
total chloride content of samples after 28 days of curing and 91 days of soaking in chloride 
solution with different cations and concentrations. It can be found for samples immersed in 
calcium chloride solution, that more chloride ions can be adsorbed compared to sodium 
chloride and potassium chloride solution. Generally, a similar role is played by sodium and 
potassium ions within EDL and surface of hydration products. In this study, the chloride 
binding capacity of sodium chloride was slightly higher than that of potassium chloride.  
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Figure 3.23 Total chloride content of cement pastes with different types of chloride solution 
 
3.4.3 Chloride concentration in soaking solution 
The thickness of diffuse layer can be calculated by Debye formula [28]: 
1
2
b
RT
L k
2F c
  
                                                                  3.6 
Where, k is Debye constant, cb is the concentration of bulk solution, ε is the dielectric constant.  
It can be seen from Equation 3.6 that the effect of soaking solution concentration on 
thickness of diffuse layer in EDL was significant. The lower the concentration of NaCl 
solution was, the bigger the thickness of diffuse layer of cement pastes was. Lower soaking 
concentration will result in higher content of solution in the diffuse layer into expressed pore 
solution. Thus, the value of Nc of paste specimens by pore solution expression was close to 
1.0 when soaking in higher concentration of NaCl solution. For a given soaking time, Stern 
plane potential increased with the decrease of chloride solution concentration, which has 
favorable effect on chloride adsorption of cement pastes. On the other hand, the increased 
concentration of pore solution results into the increase of counter- ions concentration in Stern 
layer and decreases zeta potential. He [78] studied the thickness of EDL and the results are 
shown in Figure 3.24. It can be found that the thickness of EDL decreases significantly with 
concentration of bulk solution, which becomes less obvious when the concentration is higher 
than 0.5mol/L. These findings can be used to interpret the decreased concentration index with 
the increase of chloride concentration in soaking solution.  
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Figure 3.24 Calculated thickness of EDL according to Equation 3.6 [78] 
 
3.5 Summary 
In this chapter, various factors which may affect the value of Nc of cement paste are 
studied. Internal factors including mineral admixture replacement, maturity and w/b ratio, and 
external factors including external applied voltage, cations and chloride concentration are 
both investigated. Based on the results and discussions, the following conclusions can be 
drawn: 
 The replacement of SCMs to Portland cement changes the evolution of pore 
structure and composition of hydration products, which affects the value of Nc. The 
results of chloride concentration in expressed pore solution increased with soaking 
time, while they decreased with curing time and w/b ratio.  
 The application of external voltage accelerates the reaction between chloride ions 
and hydration products and also the chemical constitution of reaction products, 
value of zeta potential and Nc are increased when applying an external field. The 
introduction of calcium ions and decreased concentration in soaking solution tend to 
increase the content of adsorbed chloride ions within EDL.  
  Pore structure and properties and content of hydration products are two of the most 
important factors affecting the value of Nc, the former determines the percentage of 
solution from EDL in the expressed pore solution, while the later controls the 
chloride distribution and content within EDL.  
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 Zeta potential is a key parameter characterizing the properties of EDL and 
determining the distribution of potential or ions within EDL.  
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4 MICROSTRUCTURE AND CHLORIDE 
CONTENT VARIATION DURING PORE 
SOLUTION EXPRESSION 
 
 
 
In this chapter, the evolution of pore solution distribution, total chloride content and pore 
structure of cement pastes during pore solution expression test are determined. According to 
the experimental results, the chloride concentration in the expressed pore solution are 
calculated and compared to the test results. 
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4.1 Background 
Water extraction and pore solution expression method are widely accepted and applied for 
the acquisition of pore solution and determination of free chloride concentration. The results 
obtained by using water extraction methods are considered as water-soluble chloride content, 
which is mostly higher than free chloride concentration when high water-solid ratio and long 
extraction time is applied. Pore solution expression is regarded as the most reliable method to 
study the free chloride concentration and has been widely applied. The validity of pore 
solution expression method has been evaluated in some studies [161], and it was shown that 
the expressed pressure did not impact any effects on the ion concentration in the expressed 
pore solution. However, when high pressure is applied to cement-based materials samples, 
chloride ions in diffuse layer will also be extracted and will increase the chloride 
concentration of the expressed pore solution.  
However, pore solution expression method also has many deficiencies, which to some 
extends limits the application of this method in studying ion migration and interaction 
between ions and hydration products of cement-based materials. Firstly, special expression 
apparatus and high pressure is needed and only a bit of pore solution can be obtained for 
every test. The dilution in the obtained solution may affect the accuracy of the ion 
concentration test.  Meanwhile, it is not sure whether all of the pore solution within samples 
can be extracted or which part of the pore solution can be extracted. The determination of 
effects of pore solution expression on microstructure and chloride binding of cement-based 
materials are also challenges for further studies.  
In this study, pore solution of cement pastes immersed in sodium chloride solution was 
extracted by pore solution expression method and the chloride concentration in the expressed 
pore solution was detected. The total chloride content, pore structure and mois ture distribution 
within samples before and after pore solution expression were all investigated. The measured 
chloride concentration in the expressed pore solution and the calculated results based on the 
variation of chloride content, pore structure and moisture distribution during expression 
process were mathematically studied. The results of this study may provide theoretical 
foundation for the application of this method in studying pore solution of cement-based 
materials and explain the higher chloride concentration in the expressed pore solution than 
that in soaking solution. 
4.2 Materials and method 
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Cement pastes with 100% Portland cement were prepared with w/b ratio 0.4 and 0.6. The 
pastes were cured for 7 days followed by 91 days of soaking in sodium chloride solution with 
concentration of 0.1, 0.3, 0.5, 0.7 and 1.0 mol/L. Pore solution expression, chloride 
concentration determination, pore structure measurement and total chloride content test are 
conducted according to the description in Chapter 3.  
4.2.1 1H NMR test 
1H NMR relaxation tests were conducted for samples before and after pore solution 
expression test. Small fragments with around 0.5 cm diameter were used for NMR test. 
Samples after pore solution expression were immediately collected and applied for 1H NMR 
test. MicroMR12-025 produced by Niumag Corporation (Shanghai, China) was used for 
NMR relaxometry measurement. The resonance frequency was 11.845 MHz and the 
transversal relaxation time T2 was measured at 20.00±5.00℃. Carr-Purcell-Meiboom-Gill 
(CPMG) pulse sequence was employed to measure NMR transverse relaxation time and the 
NMR results were transferred into pore size distribution according to the following equation 
proposed in reference [187, 188]: 
                                          4.1 
Where T2 is the transversal relaxation time of water; T2,surf is transversal relaxation time due 
to surface relaxation; (S/V)pore is specific surface area of pore; Fs is geometrical factor, Fs=2.0 
for cylinder pore; ρ2 is surface relaxivity, here assumed 50
 
µm/s for cement mortars. 
Normally, the surface relaxivity rests with the “thickness” of surface layer, and average value 
of ρ was adopted in literatures [187, 188]. In this study, it was assumed that the average 
surface relaxivity of the testing samples were identical, and an approximate value was decided 
to just qualitatively study the differences of pore size distribution between different samples.    
For every cement paste sample, the NMR measurement was conducted with different 
inner relative humidity. After the first test, the paste was placed on a vacuum oven with 80 ºC, 
and another three tests were done for every 30 minutes. The relationship between signal 
amplitude of NMR measurement and the mass of humidity within paste was determined by 
correlating the difference of signal amplitude and sample mass between every two tests. For 
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all of the cement pastes prepared in this study, the relationship between signal amplitude and 
mass of measured water within samples are shown in Figure 4.1. As can be seen from Figure 
4.1, the correlation between signal amplitude and mass of water was governed by w/b ratio 
and pore solution expression process. According to the slope of fitting line in Figure 4.1 and 
the mass of testing cement paste, the mass ratio of water within paste to the total mass of 
paste can be obtained. If the sample is fully saturated, the obtained results are equal to the 
total porosity of sample. In this study, the cement paste before pore solution expression were 
immersed in sodium chloride solution, therefore saturation of pore solution within cement 
pastes was considered when analyzing the results of NMR measurement. For pastes after pore 
solution expression, the state of pore solution saturation within samples were assumed during 
the discussion. However, this assumption will not affect the calculation of Nc in Section 4.5 
because the weight of air can definitely be ignored compared to water and solid.  
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Figure 4.1 Relationship between tested water mass and signal amplitude  
 
4.3 Total chloride  
Figure 4.2 shows the total chloride content (ctotal, %) of cement pastes after 7 days of bath 
curing and 91 days of soaking in sodium chloride solution. The concentrations of soaking 
solutions are 0.1, 0.3, 0.5, 0.7 and 1.0 mol/L and results of pastes before and after pore 
solution expression are presented. The ratio of total chloride content to chloride concentration 
in soaking solution (ctotal/cb) is also reported. With the increase of chloride concentration in 
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soaking solution, total content of cement pastes increased, while the value of ctotal/cb gradually 
decreased. The pore solution expression process decreased the total chloride content of 
samples, which was more significant for pastes with high concentration of soaking solution. It 
can be also seen from Figure 4.2 that for all of the soaking solution and both the pastes before 
and after pore solution expression, the total chloride content of cement pastes with w/b ratio 
0.6 were higher than that of pastes with w/b=0.4. 
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Figure 4.2 Total chloride content and ctotal/cb of cement pastes 
 
Generally, three types of chloride can exist within cement-based materials, including free 
state, physically adsorbed and chemically bound chloride [5, 7, 33]. Total chloride including 
all of these three types of chloride were measured. With the increase of chloride concentration 
in soaking solution, the free state chloride dissolved in pore solution may be also increased 
proportionally. Actually, it can be considered that the chloride concentration in bulk pore 
solution is equal to that in soaking solution when equilibrium state is reached. The increased 
chloride concentration in pore solution may accelerate the chloride adsorption onto the 
surface of solid phase and the reaction between chloride ions and alumina in hydration 
products. The former results into the higher chloride content within EDL, while the lat ter 
increases the content of chemically bound chloride. Therefore, the total chloride content 
gradually increased with the soaking solution concentration. However, the thickness of EDL 
may be decreased with the chloride concentration in bulk pore solution and the value of zeta 
potential may also be decreased. According to the results shown in Chapter 3, chloride ions in 
bulk pore solution and also the physically adsorbed chloride in EDL were both included in the 
expressed pore solution. The effects of EDL on the ratio of chloride content in EDL to that in 
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bulk pore solution were weakened with the increase of chloride concentration. These effects 
can be interpreted by the decrease of ctotal/cb . Moreover, due to the limited solid phase content, 
the chloride ions which can be chemically bound was limited and cannot be continuously 
increased with the soaking solution concentration. With the increase of chloride concentration, 
the total chloride content increased while value of ctotal/cb decreased. 
  During the process of pore solution expression, the decrease of total chloride content 
mainly came from the chloride ions in bulk pore solution and in EDL which can be extracted. 
The higher chloride concentration for solution in EDL resulted into the “chloride concentrate” 
and in higher value of Nc. The chloride concentration in the expressed pore solution can be 
obtained according to the variation of total chloride content, humidity distribution and pore 
structure during the pore solution expression experiment, which will be presented in Section 
4.4. When immersed in higher concentration of chloride solution, more chloride ions can be 
extracted due to the higher concentration in the expressed pore solution and result into higher 
reduction of total chloride content.  
It is well known that the pore structure of cement-based materials can be improved with 
the decrease of w/b ratio [189, 190]. The decreased porosity and improvement of pore 
structure inhibited the migration of chloride ions within cement paste, which may decrease the 
total chloride content penetrated. Figure 4.3 shows the variation of total chloride content from 
pore solution expression for pastes with w/b ratios 0.4 and 0.6 as a function of chloride 
concentration in soaking solution. The variation of total chloride content due to the pore 
solution expression process was larger when w/b ratio was 0.6, which was resulted from 
higher porosity and pore solution content of pastes with larger w/b ratio. According to the 
effects of w/b ratio on Nc presented in Section 3.3.3, the value of Nc gradually decreased with 
the increase of w/b ratio.  
Figure 4.4 shows the value of Nc of cement pastes prepared in this chapter, lower value of 
Nc was obtained for cement pastes with w/b ratio 0.6. Due to the increase of porosity and 
percentage of larger size pore, the effects of EDL on chloride concentration in the expressed 
pore solution and value of Nc were reduced. While, the increased porosity and large size pore 
may increase the content of pore solution which can be extracted during pore solution 
expression. Therefore, the variation of total chloride content is larger for cement pastes with 
higher w/b ratio, especially when chloride concentration in bulk pore solution is higher.  
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Figure 4.3 Variation of total chloride content from pore solution expression 
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Figure 4.4 Variation of Nc of cement pastes 
   
4.4 Pore solution distribution by NMR  
Figure 4.5 shows the T2 relaxation distribution plot of cement paste with different w/b 
ratios, before and after pore solution expression. According to Equation 4.1, the T2 relaxation 
time can be transferred to pore size. The x-axis in Figure 4.5 is the correlated pore size 
distribution axis (nm). Before pore solution expression, it can be seen clearly from the figure 
that the cement pastes with w/b ratio 0.6 have a larger porosity than that of 0.4. With the 
decrease of w/b ratio, the amplitude of signal was reduced and the T2 relaxation time or pore 
size of the peak was left shifted. The effects of w/b ratio on porosity and pore structure of 
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cement paste obtained from NMR were in agreement with the results from MIP or other test 
methods shown in references [191, 192].  
During the process of pore solution expression, the high externally applied pressure 
compressed the cement paste and made the paste more compact. The increase of compactness 
extracted the pore solution inside and re-arranged the inner pore structure. He [79] 
investigated the variation of pore structure of cement paste during pore solution expression by 
MIP test. The results showed that porosity of cement paste was decreased while the density 
increased. Pore solution expression experiment compressed pores with larger diameter (>150-
200 nm) into pores with diameter smaller than 100 nm. In other studies, it was also confirmed 
that pore solution expression experiment affected large size pores more significantly than that 
on small size pores [78]. According to the NMR measurement results shown below, the peaks 
in NMR signal plots with the T2 relaxation time larger than 1 ms (or pore size larger than 100 
nm) were almost erased for cement pastes after pore solution expression. Therefore, the pore 
solution in pores with large diameter were totally extracted by pore solution expression.  For 
small pores with diameter smaller than 100 nm, the peak value of the signal amplitude of 
NMR measurement are significantly decreased. It has been investigated in previous studies 
that the pore solution expression experiment decreased the total porosity and percentage of 
large pore in total porosity of cement pastes [79], which was highly consistent and confirmed 
by the results obtained here. 
Table 4.1 summarizes the mass of inner water (ω) hosted by one gram of cement paste 
with different chloride concentrations and w/b ratios, and results of pastes before and after 
pore solution expression are revealed. The results in Table 4.1 clearly shows the reduction of 
total porosity and water mass within cement paste during the pore solution expression. The 
increase of chloride concentration in soaking solution decreased the mass of water or pore 
volume within cement paste due to the formation of Friedel’s sa lt. Table 4.2 shows the 
density of cement pastes before and after the pore solution expression, obtained by MIP test. 
It can be known from the table that the pore solution expression process compressed the 
cement paste and increased the density. Due to the higher porosity of cement paste with w/b 
ratio 0.6, the density was relatively lower than that of cement pastes with w/b ratio 0.4. 
 
 
 
89 
 
0.01 0.1 1 10 100 1000
0
20
40
60
80
100
120
140
 w/b=0.4, before
 w/b=0.4, after
 w/b=0.6, before
 w/b=0.6, after
S
ig
n
al
 a
m
p
li
tu
d
e 
p
er
 u
n
it
 m
as
s(
a.
u
./
g
)
T2 relaxation time (ms)
 
1 10 100 1000 10000 100000 
0.01 0.1 1 10 100 1000
0
20
40
60
80
100
120
140
 w/b=0.4, before
 w/b=0.4, after
 w/b=0.6, before
 w/b=0.6, after
S
ig
n
al
 a
m
p
li
tu
d
e 
p
er
 u
n
it
 m
as
s(
a.
u
./
g
)
T2 relaxation time (ms)
 
1 10 100 1000 10000 100000
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(c) 0.5 mol/L (d) 0.7 mol/L 
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(e) 1.0 mol/L 
Figure 4.5 T2 relaxation distribution of cement paste before and after pore solution expression 
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Table 4.1 The mass of water per unit mass of cement paste 
Concentration 
of soaking 
solution (mol/L) 
Mass of water (g/g) 
0.4 0.6 
Before After Before After 
0.1 0.110 0.051 0.147 0.054 
0.3 0.104 0.051 0.140 0.054 
0.5 0.100 0.049 0.135 0.053 
0.7 0.096 0.048 0.130 0.050 
1.0 0.095 0.047 0.128 0.048 
 
Table 4.2 Bulk density of cement paste 
Concentration 
of soaking 
solution(mol/L) 
Bulk density (g/cc) 
0.4 0.6 
Before After Before After 
0.1 1.691 1.891 1.499 1.753 
0.3 1.725 1.853 1.552 1.765 
0.5 1.750 1.856 1.603 1.790 
0.7 1.835 1.903 1.684 1.785 
1.0 1.842 1.953 1.703 1.805 
 
Based on the results of NMR test and the density of cement paste, the porosity of cement 
paste can be calculated. Table 4.3 shows the volume porosity of cement pastes before and 
after pore solution expression. It can be seen that the porosity of cement paste was gradually 
decreased with the increase of chloride concentration in soaking solution, resulting from the 
formation of Friedel’s salt [193]. Porosities of pastes with w/b ratio 0.6 were higher than that 
of 0.4. For samples after the pore solution expression, the chloride concentration showed little 
effects on porosity of pastes. However, the porosities of cement pastes after pore solution 
expression were slightly influenced by w/b ratio and chloride concentration. Generally, the 
porosity of samples after pore solution expression are more affected by the pressure and the 
period during which the pressure is applied.    
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Table 4.3 Porosity of cement pastes calculated from NMR results 
Concentration 
of soaking 
solution (mol/L) 
Porosity (%) 
0.4 0.6 
Before After Before After 
0.1 15.64 8.77 18.01 8.63 
0.3 15.07 8.55 17.69 8.61 
0.5 14.66 8.19 17.52 8.52 
0.7 14.64 8.17 17.57 8.00 
1.0 14.43 8.13 17.36 7.70 
 
4.5 Calculation of Nc 
Figure 4.6 is the schematic diagram of cement paste before and after pore solution 
expression experiment. During the pore solution expression, part of pore solution within 
cement paste can be extracted, while the content of solid phase can be considered unchanged. 
For the expressed pore solution, the amount of chloride ions nCl can be calculated as:  
nCl = (C1-C2)*ms/35.45                                                                                4.2 
Where, C1 and C2 is total chloride content of pastes before and after pore solution expression, 
ms is the mass of solid phase of cement paste. Then, the volume of pore solution (VP) 
expressed by pore solution expression is: 
   
   
   
 
   
   
 
    
         
 
    
         
                                                                                               4.3 
Where, ml1 and ml2, ρl1 and ρl2 is mass and density of pore solution before and after pore 
solution expression. In this study, the density of immersed NaCl solution was used as the 
density of pore solution ρl. Then, the chloride concentration in the expressed pore solution can 
be calculated as:  
                          
    
         
 
    
         
                                      4.4 
The total chloride content and mass of pore solution and solid phase has been determined 
in Section 4.3 and 4.4. The calculation results of  Nc from these experimental data are shown 
in Table 4.4. 
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Figure 4.6 Schematic diagram of samples before and after pore solution expression 
 
Table 4.4 The value of Nc calculated from NMR results and total chloride content  
Chloride concentration (mol/L) w/b=0.4 w/b=0.6 
0.1 2.014 1.674 
0.3 1.708 1.570 
0.5 1.409 1.398 
0.7 1.218 1.231 
1.0 1.154 1.099 
 
It can be seen from Table 4.4 that the chloride concentrations in expressed pore solutions 
were higher than that in soaking solutions, and Nc larger than 1.0 were obtained for all of the 
pastes. With the increase of chloride concentration in soaking solution and w/b rat io, the value 
of Nc was obviously decreased, which was in agreement with the results from pore solution 
expression. The comparison between measured and calculated results of Nc is shown in Figure 
4.7. It can be seen from the figure that similar trends of Nc with chloride concentration and 
w/b ratio were obtained between the measured and calculated results. However, the results 
from the calculation were lower than that of measured ones. Due to the very little pore 
solution available to be acquired per unit of cement paste, the calculation results were very 
sensitive to the data from NMR test and total chloride content. It can be imagined that part of 
chloride ions may remain on the surface of pastes after pore solution expression, while they 
should belong to the chloride extracted out. This may result into higher measured chloride 
content in cement paste after pore solution expression and may decrease the calculated 
amount of chloride in the expressed pore solution.   
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Figure 4.7 Comparison of Nc between measured and calculated results  
 
4.6 Summary 
In this chapter, the chloride concentration in the expressed pore solution is studied 
experimentally. The volumes of pore solution extracted by pore solution expression method 
are determined by 1H NMR and total chloride contents in cement pastes before and after pore 
solution expression are investigated. The chloride concentration in the expressed pore solution 
is calculated and compared with the experiment results. 
Based on the results and the discussion shown above, the following conclusions can be 
drawn: 
 The total chloride content of cement pastes are decreased during the pore solution 
expression experiment, which is more significant for samples immersed in higher 
concentration of soaking solution and with higher w/b ratio. 
 During the pore solution expression, the pores with diameter bigger than 100 nm are 
wiped out and the small size porosity (<100 nm) is decreased, which decreases the 
total porosity and increases the density of cement paste.  
 The value of “chloride concentration index” Nc calculated in this study shows a similar 
trend compared to the experiment results, while relatively lower value of  Nc is 
obtained due to the errors in the experiment.  
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MECHANISM OF “CHLORIDE CONCENTRATE”  
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5 CHARACTERISTICS OF AC IMPEDANCE 
SPECTROSCOPY 
 
 
In this chapter, AC impedance spectroscopy characteristics of cement pastes are investigated. 
The electrical parameters in the proposed equivalent circuit model relate to microstructure and 
interfacial properties are studied. The capacitance of EDL is also studied and by idealizing the 
EDL in solid- liquid interface of cement pastes into a parallel plate capacitor, the thickness of 
EDL capacitor with different chloride concentrations of pore solution are discussed.  
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5.1 Background 
In order to detect microstructure and electrochemical properties of cement-based materials, 
techniques such as MIP [194, 195], SEM [196, 197], X-ray microtomography [198, 199], 
Nitrogen or water vapor adsorption method [200, 201] have been applied. However, small 
pieces of samples (5 mm for MIP) being crushed or grinded are necessary for the 
measurements. Due to the sample treatment before testing or destruction of samples during 
testing, these methods failed to monitor the evolution of microstructure or other properties of 
cement-based materials with time based on a typical sample. Apart from AC impedance 
spectroscopy, polarization measurement [202], cyclic voltammetry [203] and differential 
pulse voltammetry [204] or other DC resistance measurements [205] have been applied to 
study the microstructure or steel corrosion of cement-based materials. The application of AC 
impedance spectroscopy, especially the establishment of electrical circuit model provides 
more information on microstructure and interfacial properties of testing samples except the 
bulk resistance.  
For most electrochemical systems, the capacitance may only exist at the electrolyte-
electrode interface. Besides the capacitance related to electrolyte-electrode interface in most 
electrochemical systems, the EDL formed at the interface of solid and liquid within cement-
based materials will also generate capacitance. The value of the former is much smaller than 
the latter, which can be generally ignored. Cement-based materials system can be considered 
as a kind of electrolyte, and at the same time it is also dielectric. Due to the slow Faraday 
process, cement-based materials show the features of dielectric at higher frequency range (10 
kHz-1 MHz) [95, 96], while it can be considered as an electrochemical system at frequency 
range lower than 10 kHz. The microstructure and electrochemical properties of cement-based 
materials can be directly or indirectly revealed by the results of AC impedance spectroscopy 
measurements. 
The physical and chemical reactions occurring between chloride ions and hydration 
products or unhydrated cementitious materials may alter the microstructure and chemical 
composition of hydration products of cement. These alternations may be developed with the 
hydration of cement and continues penetration of chloride ions, which are difficult to be 
tested by other destructive techniques. Moreover, the adsorption of chloride ions in EDL may 
affect the capacitance and other properties of EDL, which can be investigated by AC 
impedance spectroscopy. 
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Generally, the collection of EDL within cement-based materials can be idealized as a 
simple capacitor, and the capacitance may provide some information about the thickness and 
ion distribution of EDL. The electrochemical properties of EDL will certainty influence the 
physical adsorption or chemical binding of chloride within cement paste/mortar or concrete. 
However, there seem to be no studies on EDL, especially on the capacitance of EDL for 
cement-based materials due to the difficulties in measuring the EDL capacitance 
experimentally. 
  This chapter conducted an AC impedance spectroscopy measurement for cement pastes 
with different slag replacements immersed in NaCl solution, and analyzed the experimental 
results with an equivalent circuit model. The influences of chloride concentration in soaking 
solution and slag replacement level on microstructure and EDL capacitance of cement pastes 
are studied. By idealizing the EDL into a single capacitor, the thickness of EDL is calculated 
and analyzed. 
5.2 Materials and method 
Cement paste slices with different slag replacement levels (w/b=0.4) were prepared for 
this chapter. After 28 days of bath curing and 56 days of soaking in NaCl solution with 
different chloride concentrations, pore solution expression test was conducted and chloride 
concentration in the expressed pore solution was measured. Though some studies showed that 
mercury intrusion porosimetry was not optimal for the measurement of pore structure and 
pore size distribution, this technique has been widely used in determining the pore structure of 
cement-based materials. In this study, as a classic technique, mercury intrusion porosimetry 
was used to test the microstructural modification and validate the AC impedance spectroscopy 
measurement results. Materials, specimen preparation and chloride concentration in expressed 
pore solution and pore structure of cement pastes are determined as described in preceding 
chapters. 
5.2.1 AC impedance spectroscopy measurement 
After 56 days of immersion in NaCl solution, the cement paste slices were rubbed with 
soaking solution-wetted but twisted cloth until the saturated surface dry condition was 
reached. The impedance spectroscopy measurements of the cement paste samples were 
conducted using an Agilent 4294A impedance analyzer (Figure 5.1) with allowable testing 
frequency range from 40 Hz to 100 MHz. A parallel plate electrode configuration was 
employed to perform the measurements. Before the testing, the open and short circuit testing 
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were performed to modify the obtained impedance spectrum data and eliminate the dispersion 
effects of testing environment and connection wire on testing results.  
The impedance spectrum of cement paste slices were tested with the frequency ranging 
from 40 Hz to 30 MHz in this study. The applied AC voltage amplitude was 400 mV and the 
150 total points were obtained in the spectrum of a single sample. 
 
Figure 5.1 Impedance analyzer and parallel plate electrode 
 
    For analysis on microstructure and interfacial properties of cement pastes from AC 
impedance spectroscopy measurement results, an equivalent circuit model was proposed in 
this study. As shown in Figure 5.2, the model was developed from a previous model proposed 
to study the chloride migration of concrete [206]. The model is more or less the same as the 
model [108] expressed in Chapter 2, due to the direct contact of samples and electrodes, the 
resistance and capacitance related to interface between samples and electrolyte were removed.  
The total impedance value Z of the equivalent circuit can be represented as: 
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Figure 5.2 Equivalent circuit model used in this study 
 
    In the model and impedance equation shown above, the physical meaning of every 
circuit element was provided and the fitted value from measured impedance spectrum was 
applied to study the microstructure and electrochemical properties of cement samples. R1 is 
the resistance of the interface between the sample and testing electrode. R2 corresponds to the 
continuous pores which are filled with the pore solution, while C2 is the dielectric capacitance 
representing the solid fraction in the sample. R3 accounts for the discontinuous pores blocked 
by hydration products. C3 is the capacitance associated to the EDL formed at the solid walls. 
α1 and α2 correspond to Cole–Cole type time constant dispersion factors. According to the 
data fitting by using Zplot software, the value of R1, R2, C2, R3 and C3 can be obtained. 
5.3 Modifications of cement paste-electrode interface 
Figure 5.3 shows the evolution of R1 as a function of chloride concentration in soaking 
solutions. No obvious differences have been noticed between samples with different slag 
replacements, while the value of R1 experienced a decreasing trend with the chloride 
concentration in soaking solution. It can be also seen from Figure 5.3 that the R1 value of 
cement paste samples in this study ranged from 50 to 90 ohm, which was much lower than 
that of R2 and R3 shown in next section. 
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Figure 5.3 Evolution of the resistance corresponding to cement paste-electrode interface 
 
    The interface between testing samples and electrode can affect the accuracy of the 
obtained impedance spectrum results. A flat and polished contacting surface will maximally 
eliminate experimental errors and provide more real and effective results. Figure 5.3 shows 
that the value of R1 is lower than 100 Ω, which can be neglected compared to the resistance of 
samples. In this experiment, the samples were all cut with a special cutting machine. During 
the experimental process, efforts were made to ensure that the side of cement paste slices 
were flat and parallel. It is known that paste-electrode interface has only few effects on the 
experimental results. During our experiments, saturated surface dry conditions of the samples 
were guaranteed by rubbing the samples with cloth wetted by soaking solution of tested 
sample. Therefore, the solution on the surface of samples may bring some effects on the 
resistance of paste-electrode interface. Figure 5.4 shows the electrical resistivity of different 
concentrations of NaCl solution equal to that of soaking solution in this study. The electrical 
resistivity of NaCl solution was decreased with the increase of concentration, especially for 
the lower concentration solution. With the increase of chloride concentration in soaking 
solution, the resistance of the sample-electrode interface may be decreased. Anyway, the 
lower R1 in this study confirms that the preparation of samples and selection of testing 
equipment and method meet the requirement to obtain reliable experiment data. 
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Figure 5.4 The electrical resistivity of NaCl solution as a function of concentration 
 
5.4 Modifications of cement paste microstructure due to chloride penetration 
The dielectric parameters R2 and R3 (resistances accounting for continuous pores and 
discontinuous pores, relatively) and C2 (capacitance associated to the solid fraction of samples) 
are all electric parameters representing the microstructure of the tested cement paste slices. In 
Figure 5.5, the variations of different parameters of samples are depicted. The dielectric 
capacitance related to the solid fraction (C2) gradually increased with chloride concentration 
in soaking solution, while the resistance of continuous pore (R2) and discontinuous pore (R3) 
decreased as the chloride concentration increased. The increase of R2 and R3 was more 
significant when the chloride concentration was relatively low.  The effects of slag 
replacement on value of R2 were not that obvious over the different chloride concentrations in 
soaking solution. Meanwhile, the addition of slag increased the value of resistance of 
discontinuous pores and decreased capacitance of solid phases, especially when replacement 
level of slag reaches 40% and 60%. 
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(a) R2 
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(b) R3 
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(c) C2 
Figure 5.5 Variations of the dielectric parameters corresponding to cement paste microstructure 
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After penetrating into the cement-based materials, the chloride ions may be chemically 
bound or physically adsorbed by hydration products. Many studies [170] have given the 
evidence that the penetrated chloride ions may react with some hydration products and cause 
local precipitation. The blocking of percolating porosity due to the formation of chloric-
compounds improves the pore structure of cement-based materials. Monosulfate within 
hardened cement-based materials will be destabilized and form Friedel’s salt and ettringite 
when chloride ions are presented. An increase of the total solid volume can be expected 
because the density of ettringite is lower than that of monosulfate. The Friedel’s salt deposit 
decreases the amount of macropores and the permeability of concrete. The increase of the 
capacitance C2 points to the formation of solids within samples. After 28 days of curing and 
56 days of soaking in chloride solution, it can be seen that the addition of slag restrained the 
formation of solid phase. As discussed in Chapter 3, the hydration rate of slag falls behind the 
cement hydration , as some hydration products of cement are needed for slag addition. The 
replacement of slag to Portland cement can reduce the formation of solid phase, the reduction 
of slag addition on solid formation may be weakened with curing or soaking time.  
Due to the higher conductivity of pore solution than solids, the composition and 
concentration of pore solution mostly dominates the resistance of continuous and 
discontinuous pore. Therefore, a similar trend of the resistance R2 and R3 of cement paste 
with chloride concentration was obtained to that of sodium chloride solution as shown in 
Figure 5.5. The research of Sánchez et al. [108] showed that during the first period of chloride 
migration experiment, the resistance related to continuous and discontinuous pore 
experienced a sharp decrease with the penetration of chloride ions into inner pore. In order to 
study the effects of chloride ions on inner structure of cement paste, we can idealize all the 
continuous and discontinuous pores within samples into a resistor whose resistivity is equal to 
that of soaking solution shown in Figure 5.4. The ratio of length to section area of these 
resistors can be calculated as: 
R/ρ = l/A                                                                         5.4 
Where R is the resistance, ρ is the resistivity of resistor, l and A is length and section area of 
the resistor.  
Figures 5.6 and 5.7 show the results obtained from the calculated resistance of continuous 
and discontinuous pore and resistivity of sodium chloride solution. In this study, the thickness 
of testing samples was kept constant (6 mm), so that we can assume that the length of the 
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idealized resistor for the samples are the same. The evolution of R/ρ with chloride 
concentration may be due to the change of reciprocal of section area of pores. It can be seen 
that with the increase of chloride concentration from 0.1 to 1.0 mol/L, the value of R2 
increased firstly, then decreased afterwards, which indicates that the section area of the 
idealized continuous pore decreased firstly then increased. The decrease of continuous pore 
and increase of discontinuous pore may be the result from the formation of chlorinated 
compounds, which narrowed down the pore system of cement paste and transferred the 
continuous pore into discontinuous pore.  
However, with the increase of chloride concentration in pore solution, the influences of 
chloride concentration on value of R/ ρ of continuous pore were reversed, and the 
development of discontinuous pore began to flatten. As the chloride concentration of pore 
solution increased, the concentrated ions may modify the composition of pore solution. The 
higher concentration of pore solution weakened the effects of microstructure of cement paste 
on electrochemical properties, especially for continuous pore. The sodium ions in pore 
solution may change the dissolution of calcium ions from solid, which can also bring some 
effects on microstructure of samples. However, insufficient results were obtained in this study 
to verify and confirm the mechanism.    
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Figure 5.6 The value of R2/ ρ as a function of chloride concentration  
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Figure 5.7 The value of R3/ ρ as a function of chloride concentration  
 
5.5 Modifications of electrical double layer due to chloride penetration 
Figure 5.8 shows the evolution of EDL capacitance of cement paste slices with different 
slag replacements and chloride concentrations in soaking solutions. It can be seen that the 
value of the capacitance C3 gradually increased with the chloride concentration, while C3 was 
decreased when Portland cement was partly replaced by slag.  
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Figure 5.8 Variations of EDL capacitance  
 
The EDL forms at the surface of solid when it gets into contact with liquids. Helmholtz 
[80] found that charged electrodes immersed in electrolyte solutions will repel the co- ions 
while attracting counter-ions to their surfaces. The two compact layers of charges formed at 
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the electrode/electrolyte interfaces were called the “EDL”. The formation of EDL at the solid-
liquid interface within cement-based materials was also confirmed and Stern model was 
widely accepted to simulate the EDL. Immersed in solution, the EDL can be formed at the 
interface of solid and liquid due to the ionization, ion exchange or binding and fraction 
contact.  
Idealizing the EDL within cement paste as a parallel plate capacitor, the area (S) and 
distance (d) of this “capacitor” can be considered as surface area of pore and EDL thickness. 
The capacitance of this “capacitor” can be calculated as:  
d
S
C r
0                                                                 5.5 
Where,  0 and r   is the vacuum permittivity and relative permittivity of EDL.  
The relative permittivity of sodium chloride solution with different concentrations can be 
obtained from the handbook of chemistry. The relative permittivity and pore structure results 
of samples are shown in Table 5.1. In this part of study, the influences of slag replacement on 
specific surface area and skeletal density were ignored. Actually, the addition of slag may 
decrease the content of hydration products formation and density, while the filling effects of 
slag particles which were smaller than cement, can increase the density and the specific 
surface area of cement-based materials.  
 
Table 5.1 Relative permittivity of NaCl solution and pore structure of cement pastes  
No. 
Chloride concentration 
(mol/L) 
Relative  
permittivity[207] 
Specific surface 
area (m2/g) 
Skeletal 
density (g/cm3) 
1 0.1 72.31 8.173 1.616 
2 0.3 66.65 10.034 1.835 
3 0.5 60.99 12.866 1.958 
4 0.7 55.33 15.035 2.057 
5 1.0 46.84 16.004 2.225 
 
According to the pore structure information shown in Table 5.1 and permittivity of sodium 
chloride solution in reference [207], the value of thickness of the idealized EDL capacitor can 
be calculated. The calculated results were normalized by dividing the thickness by calculated 
result for 100% PC sample immersed in 0.1 mol/L NaCl solution. Figure 5.9 shows the 
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normalized thickness of EDL of cement pastes with different chloride concentrations of 
soaking solutions. It can be clearly seen that the thickness of EDL at the solid- liquid interface 
of cement pastes was significantly decreased with the increase of chloride concentration. It 
has been demonstrated that the formation of EDL at the solid- liquid interface may affect the 
chloride migration and chloride binding of cement-based materials. According to the Debye 
formula on Stern EDL model, the thickness of EDL may be significantly decreased with the 
increase of pore solution concentration. The results obtained from the impedance 
spectroscopy measurement in this study were in agreement with the experimental results in 
previous studies [26, 27, 78] and also the value of Nc shown in the chapters above. With the 
increase of slag replacement level, the EDL thickness was gradually increased.  
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Figure 5.9 Normalized EDL thickness 
 
According to the results of this study, the impedance spectroscopy measurement, as a non-
destructive testing method, can provide some useful information on microstructure and 
electrochemical properties of cement paste. The determination of an appropriate equivalent 
electrical circuit model is very important and necessary for analysis of impedance spectrum.  
However, some remarkable weaknesses are still waiting to be solved. Due to the multi-effects 
of slag on pore structure and electrochemical properties of cement pastes, the changes of AC 
impedance spectroscopy parameters with different slag replacement levels were not that clear. 
Moreover, the process of idealizing the continuous and discontinuous pore or EDL into single 
resistor or capacitor ignored the effects of complicated inner pore structure and solid- liquid 
interface. More work is needed for quantitatively analyzing the microstructure and durability 
of cement-based materials. 
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5.6 Summary  
    The parameters of impedance spectroscopy of cement pastes with different chloride 
concentrations in soaking solution were measured and studied in this chapter. The main 
findings of the results are concluded as follows: 
 With a proposed equivalent circuit model, the parameter corresponding to 
microstructure and electrochemical properties of cement paste, including resistance of 
continuous and discontinuous pores, capacitance of solid phase and EDL can be 
obtained from AC impedance spectroscopy.    
 Due to the higher conductivity of sodium chloride solution with higher concentration, 
the resistance related to interface of electrode and testing samples is decreased as the 
chloride concentration of solution in the surface of samples decreased. 
 The reaction of chloride ions with solid phases within cement pastes increases the 
value of capacitance of solid phase, while it is decreased with the replacement of slag, 
especially for cement pastes with 40% and 60% of slag.  
 The resistance of continuous and discontinuous pore is decreased as the chloride 
concentration in soaking solution increased. For samples immersed in low 
concentration solution, the microstructure of cement paste dominates the resistance of 
samples, while it is governed by concentration of pore solution for high concentration 
solution immersed samples.  
 With the increase of chloride concentration, the EDL capacitance of cement paste is 
gradually decreased, the calculated EDL thickness values based on impedance 
spectroscopy parameters and pore analysis results are in agreement with the 
theoretical analysis and previous studies.  
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6 ZETA POTENTIAL AND MATHEMATICAL 
MODEL OF ELECTRICAL DOUBLE LAYER 
  
 
In this chapter, Zeta potential of fresh and hardened cement pastes are measured to study the 
hydration process and interfacial properties of cement paste. Based on the Stern EDL model, 
the chloride distribution in EDL is mathematically studied.  
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6.1 Background 
The sign and absolute value of zeta potential of cement clinkers or hydration phases are 
expected to reflect and affect the hydration properties of cement concrete. The zeta potential 
measurement has been applied in researches on early hydration properties of C3S and other 
pure cement clinker phases and superplasticizer adsorption on the pure cement clinker phases 
[28, 126, 208]. It was generally considered that the initial zeta potential of C-S-H phases is 
negative, but may become positive as the Ca2+ concentration in the cement pore solution 
increases and adsorption of Ca2+ on the C–S–H phases occurs [209]. The Ca2+ concentration 
in cement pore system mainly results from the hydration of cement, and mostly approaches 
saturation of the pore solution. Due to the high specific surface area of C–S–H gel and other 
phases, the surface potential or zeta potential of hydration products to some extent determines 
the early hydration performance and superplasticizer adsorption of cement concrete.  
This chapter studied the zeta potential of freshly mixed cement paste, slag and ultra fine 
limestone were used, and their effects on early hydration of cement paste due to the high 
content of calcium were investigated. Then, zeta potential of hardened cement paste was 
measured and applied to analyse the effects of chloride concentration and slag replacement on 
value of “chloride concentration index” Nc. A model was established to investigate the 
relationship between zeta potential and chloride concentration index. The results of this study 
may help for further understanding on how chloride adsorption affects chloride penetration 
and chloride concentration in pore solution of concrete, which can provide some useful 
information on service life prediction of concrete structure related to chloride issues.  
6.2 Materials and method 
In this part, type 1 PI 52.5 Portland cement (PC) according to GB175-2007 and grade S95 
slag powder according to GB/T18046-2000 were used as cementitious materials. Ultra fine 
limestone powder with density 2.63 g/cm3 was also used. Cement paste samples (w/b=0.4) 
were prepared with Φ50×200 mm PVC pipe mould. Slices of 6 mm thick were sawn after one 
day of curing in standard curing room. The cement past slices were further cured in water for 
27 days followed by 24 hours of vacuum saturation with saturated limewater. After immersing 
in NaCl solution for 56 and 91 days, pore solution expression and chloride titration test were 
conducted according to the description in Chapter 3. 
The zeta potential at the surface of the colloid particles reveals that the surface potential 
storage has close relationship with the stability of the colloid system. Electrophoretic and 
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electro-osmosis technique was widely used for zeta potential measurement. In this study, 
electro-acoustic technique, which has lower requirement on particle size, viscosity and 
content of testing samples, was applied. A DT-300 instrument from Dispersion Technology 
was used for zeta potential measurement without dilution of samples, which to some extent 
avoided the differences in hydration and surface properties between diluted and original 
samples. Zeta potential of freshly mixed cement paste and hardened paste after 56 and 91 
days of soaking in NaCl solution were measured.  
6.2.1 Freshly mixed cement paste 
An amount of 20g Portland cementitious materials (0, 20, 40 and 60% of slag replacement, 
or 0, 2, 4, 6, 8% of limestone replacement) were mixed with different concentrations of 
sodium chloride solutions (0, 0.1, 0.3, 0.5, 0.7 and 1.0 mol/L respectively) in a beaker. The 
water to binder ratio is 0.4. The beaker was placed on a magnetic stirring apparatus and was 
sealed with plastic film to avoid evaporation. After 20 minutes’ stirring and 1 minute of 
standing, the zeta potential of freshly mixed cement pastes was measured with DT300 
instrument.   
 
6.2.2 Hardened cement paste 
The zeta potential measurement of hardened cement paste was done according to 
introduction in Chapter 3. Cement pastes after 28 days of bath curing, 56 and 91 days of 
soaking in different concentrations of sodium chloride solutions (0.1, 0.3, 0.5, 0.7 and 1.0 
mol/L) were prepared for zeta potential measurement.  
6.3 Freshly mixed paste 
The development of zeta potential of freshly mixed cement pastes with different slag 
replacements is plotted in Figure 6.1 as a function of the chloride concentration in the mixing 
water. It can be seen that with the increase of chloride concentration in mixing water, zeta 
potential of 4 groups with different slag replacements all gradually increased. Meanwhile, the 
addition of slag slightly increased the zeta potential of cement paste samples. 
Figure 6.2 shows the zeta potential of freshly mixed paste with different limestone powder 
replacements and sodium chloride concentrations in mixing water after 20 mins of mixing. It 
can be seen that the increase of sodium chloride content in mixing water gradually increased 
the zeta potential value. It can be seen that the zeta potential of freshly mixed cement paste 
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with water was negative. However, with the increase of limestone powder replacement, the 
zeta potential of samples gradually increased and became less negative. Apart from the 
samples mixed with deionized water, the zeta potential of other three groups of samples were 
all positive.  For sodium chloride mixed cement pastes, the replacement of limestone powders 
brought no obvious effects on zeta potential of freshly mixed cement pastes.  
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Figure 6.1 Zeta potential of freshly mixed cement pastes with slag 
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Figure 6.2 Zeta potential of freshly mixed pastes with limestone powder 
 
The phenomenon of electrization is ubiquitous at the interface formed between solid and 
liquid phases. The contact of an overwhelming majority of dispersion particles with polar 
solution or polar media will create an electrical charge field. The charged dispersion system 
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will attract ions with opposite charges so that the system as a whole is electrically neutral, 
which results in the formation of EDL. When immersed in solution, the EDL forms at the 
solid- liquid interface due to ionization, ion exchange or binding and fraction contact. In EDL 
model established by Stern, the EDL consists of two layers: internal layer and external layer. 
Internal layer refers to compact layer while external layer refers to the diffuse layer. In 
compact layer, ions with opposite charge to solid surface potential are strongly bound due to 
electrical or non-electrical attraction. Away from the compact layer, ions diffusely distribute 
in diffuse layer, where the concentration of counter- ions (ions with opposite charge to 
compact layer) is higher than co-ions (ions with the same charge as compact layer). With the 
increase of distance from solid surface, the concentration of counter- ion decreases until it is 
equal to that of bulk solution.  
Many researchers have studied the reaction of chloride ions with components of cement 
during hydration and how that affects the hydration rate of cement. During the study on 
mechanism of coagulant and set retarding admixtures, it was found that the dissolution of ions 
into pore solution has a close relationship with hydration rate of cement [210]. Monovalent 
anions or groups in solution (such as Cl- or NO3-) can promote the dissolution of Ca2+ and 
accelerate the hydration of cement, which has positive effects on the development of early 
strength [211]. Traetteberg et al. [212] also revealed that chloride ions accelerated the 
hydration of tricalcium silicate. Especially when part of cement is replaced by slag, the 
addition of chloride salt increases the pH of pore solution, and the acceleration effects may be 
more significant. The development of hydration will promote the formation of hydration 
products and boost the zeta potential of fresh cement pastes.  
Koleva et al. [47] studied the influences of chloride ions on hydration products of cement-
based materials and found that chloride in pore solution had close relationship with C/S ratio 
of hydration products. The chloride in mixing water can increase the C/S ratio from 1.8 to 
2.19~2.95. The C/S ratio of hydration products determines the surface charge of C-S-H gel. 
For C-S-H gel with high C/S ratios, the gels were positively charged and attract Cl−, OH− and 
other anion into the surface of C-S-H gels. Instead, the surface of C-S-H gels may be 
negatively charged when the C/S ratio was lower than 1.2~1.3 [213]. In some studies, 
negative zeta potential was obtained by other testing method and instrument, which need to 
dilute the samples to a very low solid- liquid ratio. The dilution process decreases the 
concentration of Ca2+ in pore solution, and thus promotes the dissolution of calcium 
hydroxide, which may obviously affect the value of zeta potential. In this study, the values of 
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zeta potential are all above zero. The formation of hydration products with high C/S ratio after 
the addition of sodium chloride in mixing water increased the zeta potential of freshly mixed 
cement pastes.                          
Meantime, zeta potential can be used to represent the dispersion properties of suspension 
systems. Generally speaking, the larger the absolute value of zeta potential, the better the 
dispersion properties of the system. The electrification at the surface of cement particles is 
complicated, and the signal and density of charge at the surface of various mineral admixture 
particles and hydration products were totally different. Electrostatic repulsion was considered 
as one of the important reasons for particles to keep the dispersed state, as well as the 
mechanism of superplasticizer on hydration properties of freshly mixed cement pastes [214]. 
Some studies [126, 128] on mechanism of superplasticizer found that the addition of 
superplasticizer apparently increased the absolute value of zeta potential. It can be seen from 
our experimental results that chloride ions had a certain role in improving the flowing 
property of cement pastes and can to some degree be considered as a kind of inorganic 
superplasticizer. 
Few studies [210] were conducted on the influence of slag on zeta potential of freshly 
mixed cement pastes. The ion concentration at the boundary layer of cementit ious particles 
has a close relationship with zeta potential, and even few added electrolyte brings prominent 
effects on the value of the zeta potential. During the hydration process, the dissolved mineral 
admixtures form new electrolyte and affect the system’s charge balance. At the same time, 
slag can break down the flocculation group formed around the cement particles and increase 
the content of adsorption group. The conclusion that slag increases the absolute value of zeta 
potential and improves the flowing property of paste is consistent with the former study that 
mineral admixtures are able to promote the flowability of cement pastes [215]. 
Among the mineral composition of cement, C3A shows the highest hydration activity and 
has significant influence on early hydration and rheological properties of cement pastes. In 
this study, samples after only 20 minutes of hydration were chosen for the measurement of 
zeta potential, thus at that stage C3A was the main component that started to hydrate. 
Researches on zeta potential of synthetic C3A at early stage revealed that zeta potential 
sharply increases in the moment that water and C3A are mixed, and reaches up to 20 mV 
about only 2 minutes later. AFt and AFm are the main hydration products of C3A, whose 
structural formula can be represented as C3AmnAl(OH)4
-.(n-x)/2Ca2+.x(OH)-. With the 
development of hydration, concentration of Ca2+ on the surface of hydration products 
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gradually increased, also increased the value of zeta potential. Content of Al2O3 in slag was 
much higher than cement, therefore the content of C3A in cement paste with high slag content 
may be higher than in cement paste without slag. This promoted the early hydration activity 
of the samples and increased the zeta potential of the freshly mixed cement paste.    
It has been an interesting subject over the years with respect to the influences of limestone 
powder on cement hydration, especially on hydration of tricalcium silicate (C3S). For a long 
time, limestone powder has just been considered as an inert filler in cement system. However, 
studies carried out recently have pointed out the following phenomena [216]: 
 Limestone powders can be the nucleation substrate of calcium carboaluminate 
hydrates precipitate; 
 Carbonate ions can replace sulfate ions during the formation of ettringite; 
 Calcium carbonate can react with calcium silicate (alite) and accelerate the hydration 
of C3S and modify the C/S ratio of C-S-H.  
The limestone powder in cement system can accelerate the nucleation of hydration 
products and accelerate the hydration of cement minerals. Especially for C3S, the addition of 
limestone powders can enhance the formation of hydration rims of calcium silicate hydrate 
and calcium hydroxide (CH) surrounding C3S particles at early hydration stage. According to 
the calorimetric curves of cement- limestone pastes shown in the references [217], it can be 
seen that the replacement of limestone powders with cement increased the heat release rate of 
samples at early 20mins of hydration. The exothermic peak of sample with higher content of 
limestone was increased and occurred earlier, the initial period of hydration was shortened. 
The formed hydration products attracted more calcium ions into the solid surface and 
increased the value of zeta potential. As the calcium ion content within pore solution 
continued to increase, the negative value of zeta potential gradually increased to zero and 
changed to positive value.     
At early ages of hydration, C3A is an important component for the hydration of cement. 
The hydration products of C3A are AFm and AFt. With increasing amounts of CaCO3 in the 
pastes, hemicarbonate, monocarbonate or mixtures of both are formed. At CaCO3/C3A 
ratios >1 mixtures of C3A·CaCO3·11H20 and CaCO3 may be present. With the development 
of hydration, concentration of Ca2+ on the surface of hydration products gradually increases, 
also increasing the value of zeta potential.  
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It has been investigated that the potential determining ionic species in pore solution were 
Na+, K+, Ca2+ and OH-, but not Cl-  [122]. At higher pH-values of samples, the effect of the 
cations is diminished when the concentration of Na+, K+ and/or Ca2+ are low. Thus the zeta 
potential of freshly mixed pastes with deionized water showed positive value. When mixing 
with sodium chloride solution, the concentrated Na+ in suspension will in return weaken the 
influences of OH- on zeta potential of paste. In previous study, Nagele and Schneider [209] 
studied the zeta potential of Portland cement suspension as a function of concentration in 
NaCl solutions. The zeta potential of samples gradually increased from negative value and 
reversed its sign at 10-5.45 mol/L for NaCl solution. When mixed with sodium chloride 
solution, the concentration of sodium ion within the system may be relatively much higher 
than that of other cations, such as Ca2+. Therefore, the enhancement effects of limestone 
powders on zeta potential due to incremental Ca2+ were not that obvious when the mixing 
water was sodium chloride solution. 
6.4 Hardened cement paste 
Figures 6.3 and 6.4 show the chloride concentration index of samples with different 
contents of slag after 28 days of bath-curing and 56 and 91 days of soaking in chloride 
solution. After 56 days of soaking, the chloride concentration index was gradually decreased 
with increasing slag content, which was more apparent in low concentration of soaking 
solution. When the soaking time reached up to 91 days, the chloride ion concentration index 
of pastes with 20% slag showed no obvious differences from the PC samples, but decreased 
when the slag content was increased from 20% to 60%. The paste specimens with 40% and 60% 
slag showed lower concentration indices than the PC samples over the entire soaking solution 
concentration ranges. It can be seen that the change in chloride concentration index of pastes 
from 40% to 60% replacement was not as notable as for slag replacement increasing from 20% 
to 40%. 
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Figure 6.3 Value of Nc of cement paste after 56 days of soaking 
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Figure 6.4 Value of Nc of cement paste after 91 days of soaking 
 
In Figures 6.5 and 6.6, zeta potential of hardened cement pastes for different slag contents 
and soaking solution concentrations are shown. After 56 days of soaking, zeta potential of 
pastes gradually decreased as the chloride concentration of soaking solution increased. The 
addition of slag to some extent decreased the zeta potential of samples, especially when the 
chloride concentration of soaking solution was lower. When soaking time reached to 91 days, 
the zeta potentials of samples were obviously higher than that of 56 days’ soaking samples. 
The improvement of zeta potential was faster for samples with slag. 
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Figure 6.5 Zeta potential of cement paste after 56 days of soaking 
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Figure 6.6 Zeta potential of cement paste after 91 days of soaking 
 
On the basis of potential variation, EDL can be divided into several parts. As shown in 
Figure 6.7, the Stern layer can be separated into two parts. The first part is the potential-
determined layer, where ions are chemically bound onto the surface of solid. The ions in this 
layer, also called as potential-determined ions, are desolvated, and generally determine the 
sign of zeta potential, such as Ca2+ in this study. Then the ions tightly adsorbed due to 
physical and electrostatic interaction form the motionless layer. The thickness of this layer 
equals that of 1 or 2 molecules, and contains the solvated ions [218]. The potential increased 
from zero to maximum point in the potential-determined layer and went little bit lower to the 
boundary of Stern and diffuse layer. Outside of the Stern layer is the diffuse layer, in which 
most of the ions are flowable with bulk pore solution. Zeta potential is measured on the shear 
plane. Away from the potential-determined layer, cation and anion ions are simultaneously 
exist, but the concentration of ions with opposite charge of potential-determined ions (named 
counter- ions, chloride ions in this study) are higher.  
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Figure 6.7 Potential changes in EDL 
 
According to Stern EDL model, potential-determined ions in potential-determined layer 
and counter- ions in diffuse layer have close relationship with the zeta potential at shear plane. 
On the one hand, the concentration of potential-determined ions affects the surface potential 
of hydration products and the sign and value of zeta potential [209]. On the other hand, zeta 
potential changes with concentration of counter-ions in motionless layer in Stern layer. With 
the increase of electrolyte concentration in pore solution, the concentration of counter- ions in 
this layer will also increase, which may result into more potential reduction and lower zeta 
potential [78]. Within cement-based materials, potential-determined layer forms due to the 
adsorption of calcium ions on the surface of hydration products. Then the chloride ions are 
attracted by potential-determined layer and diffusely distribute in diffuse layer [91]. It is 
known that the increase of chloride concentration in soaking solution to some extent increases 
the concentration of counter- ions (Cl-) and potential reduction in Stern layer. When the 
properties and quantity of hydration products and other factors are identical, the decrease of 
zeta potential in EDL is simultaneous with increase of soaking solution concentration. At the 
same time, the decrease of C/S ratio in hydration products and pH of pore solution caused by 
the slag replacement may reduce charge density in potential-determined layer. Thus, zeta 
potential of hardened cement pastes gradually decreased with increasing content of slag. With 
the extent of soaking time, hydration of slag may increase the content of hydration products, 
which is beneficial to the development of zeta potential. 
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6.5 Mathematical model of electrical double layer 
Figure 6.8 shows the relationship of measured chloride concentration index and zeta 
potential. A good linear relationship was obtained. However, it is known that besides zeta 
potential, pore structure distribution, ion composition in pore solution and other factors a lso 
affected the value of Nc. Thus, in Figure 6.8, different fitting equations were established for 
samples with different soaking time and slag replacements.  
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Figure 6.8 Relationship of measured Nc and zeta potential 
 
The ion distribution in diffuse layer can be modeled by Gouy-Chapman model, based on 
the assumption in this model, the probability of ions existing in diffuse layer is proportional to 
Boltzmann factor e-zeψ/kT. The ion concentration in diffuse layer can be expressed as follow: 
           
   
  
   
                                                   
   
  
                                                     6.1 
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Where, n+, n-——the number of cation or anion per unit volume solution; 
              n0——the number of ions per unit volume solution at the distance where electric                       
neutrality(ψ =0)is reached； 
               z——charge number of cation or anion； 
               ψ——the potential at distance x from shear plane.  
According to classical theory of electrostatics, the relationship of potential in diffuse layer 
and the distance from solid surface (or shear plane) can be expressed by Poisson equation.  
     
 
    
  
         
    
 
     
    
      
   
  
                           6.2 
Where，ε0, εr——vacuum permittivity of EDL and relative permittivity of solution； 
               ▽2——Laplace operator, which express the divergence of a function； 
                  ρ——charge balance, which is the number of negative charge minus that of 
positive charge per unit volume. 
Solving the equation above with boundary conditions introduced, the following result is 
obtained: 
     
  
 
      
  
 
  
   
  
 
      
  
 
  
   
                                                 6.3 
Where,


1
,
2
0
22
02
kT
ezn
r
  is defined as effective thickness of diffused EDL； y=zeψ/kT, and 
y0 is equal to the value of y at x=0. 
Considering the value of y0, in this experiment, the maximum value of zeta potential 
equals 7.87 mV. Introduced into the equation above, the value of y0 is 0.3114. Therefore, in 
this study, the values of y are all lower than 1.0. By series expansion of ey/2 and leaving the 
former two terms, it holds that:  
       
 
 
 
      
  
 
      
  
                                          6.4 
Substitution into Equation 6.3 leads to： 
     
            
            
   
  
 
   
  
 
 
or                  
                                                   6.5 
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Substituting Equation 6.5 and effective thickness of EDL into Equation 6.1, the 
concentration of chloride ions cCl at distance x from shear place is obtained by:        
            
     
   
  
        
     
   
    
   
      
    
  
                             6.6 
Integrating the chloride concentration in the diffuse layer, we can obtain the average 
concentration of chloride ions as follows: 
              
     
   
    
   
      
    
  
   
 
 
                                         6.7 
It can be known more clearly form the formula above that, the increase of chloride 
concentration in soaking solution on one hand decreases the thickness of diffuse layer in EDL. 
On the other hand, it results into the increase of counter-ions concentration in Stern layer and 
decreases zeta potential. He et al. [79] studied the thickness of EDL and found that it 
decreases significantly with concentration of bulk solution, which becomes less obvious when 
the concentration is higher than 0.5 mol/L. These findings can be used to interpret the 
decreased concentration index with the increase of chloride concentration in soaking solution.  
 
Figure 6.9 Pore structure model within cement-based materials 
 
    The pore structure of cement-based materials has a close relationship with the “chloride 
concentration index” Nc. A formula for chloride concentration index calculation is obtained 
based on the assumption of cylindrical pore model (Figure 6.9) and that only the solution in 
pore whose diameter larger than 15 nm (the maximum length of EDL calculated by the model) 
can be extracted by pore solution expression. The value of EDL thickness (L) was calculated 
according to soaking solution concentration, while pore size distribution (R) was obtained by 
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MIP measurement. It was assumed that the chloride distribution along the depth of cylindrical 
pore model was unchanged. The vacuum permittivity of EDL is 8.854*10-12 F/m and relative 
permittivity of sodium chloride solution is calculated by the fitting formula proposed in 
references [207]. 
    
            
           
 
         
                                           6.8 
The results are shown in Figures 6.10 and 6.11. It can be seen that after 56 and 91 days of 
soaking, the development of calculated concentration index with chloride concentration in 
soaking solution and slag replacement was in agreement with the measured results. However, 
some differences can also be investigated. The relationship between measured and calculated 
chloride concentration index is shown in Figure 6.12, the calculated chloride concentration 
indexes were relatively lower than the measured results by pore solution expression method. 
Two reasons may be responsible. The first is the fact that we assumed the pore shape as 
cylindrical model with a simple pore diameter distribution. However, the inner pore structure 
of cement paste is much more complicated and the specific surface area is mostly higher than 
what is measured from MIP, which may result into underestimation of the range of EDL the 
calculated chloride concentration index. Moreover, the higher value of surface potential than 
zeta potential may lead to the underestimate of the calculated results. It can be seen from 
Figure 6.7 that the potential at shear plane is lower than the highest potential within EDL. In 
Figure 6.7, the chloride ions in effective diffuse layer were included in our calculations, while 
chloride ions were also presented in the section between potential-determined and effective 
diffuse layer. Actually, which part of chloride ions in EDL can be extracted during pore 
solution expression method is still uncertain, which will be the topic of our further study. 
Moreover, a new non-destructive testing method which can measure the zeta potential of 
hardened cement pastes may be helpful for further study.  
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Figure 6.10 Calculated chloride concentration index after 56 days of soaking 
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Figure 6.11 Calculated chloride concentration index after 91 days of soaking 
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Figure 6.12 The relationship between measured and calculated Nc 
 
Based on the Equation 6.6 and the effective thickness of diffused EDL, we can calculate 
the chloride concentration of bulk pore solution. Figures 6.13 and 6.14 show the results on the 
calculated chloride concentration, it can be seen that the calculated results were close to that 
in soaking solution. The figures show little difference in the chloride concentration for 
samples with different slag contents. Generally, the researchers considered the chloride 
concentration in bulk pore solution equal to that in soaking solution. However, small errors 
existed due to the assumption and simplification in our model, such as the permittivity 
coefficient of EDL which was considered as that of soaking solution. Further studies are 
needed to improve the EDL model. 
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Figure 6.13 Calculated chloride concentration in bulk solution after 56 days of soaking 
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Figure 6.14 Calculated chloride concentration in bulk solution after 91 days of soaking 
 
6.6 Summary 
The influences of chloride immersion on the zeta potential and chloride concentration of 
cement pastes are studied. The main findings of the results are concluded as follows: 
 The value of zeta potential of freshly mixed cement paste is affected by 
concentration of mixing solution and replacement of slag and ultra fine limestone, 
which can be used to study the hydration properties of cement paste.  
 With increasing chloride concentration in soaking solution, the value of Nc of 
hardened cement paste samples decreases significantly. After soaking 56 days, Nc 
gradually decreases with increasing slag replacement. After 91 days of soaking, the 
chloride concentration index of samples with 20% slag reaches the same level as for 
the control group. 
 The zeta potential of hardened cement pastes decreases with increasing soaking 
solution concentration and slag content. However, this effect is weakening as the 
concentration of the soaking solution increases.  
 Based on measured zeta potential and assumptions of cylindrical pore model and 
that pore solution in gel pore not involved, Nc is calculated by the mathematical 
model expressed in this chapter. The calculated results show a similar trend with 
experimental results of pore solution expression.  
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7 DETERMINATION OF ELECTRICAL DOUBLE 
LAYER BY 1H NMR 
 
 
In this chapter, the free water in pore solution and adsorbed water in EDL are distinguished in 
T2 relaxation time distribution plot by 1H NMR test under low temperature. The contents of 
adsorbed water of cement pastes immersed in different concentrations of NaCl solution are 
studied. The chloride concentration in the expressed pore solution is calculated according to 
the experimental results. 
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7.1 Background 
Knowledge of water distribution of hardened cement pastes is very necessary to explain 
the chemical and physical properties of cement-based materials. The penetration of aggressive 
substances such as chloride ions and carbon dioxide is of great importance on degradation of 
concrete construction, while water plays a remarkable role as a medium for the transportation 
of these species within materials. According to Powers' model presented by Powers and 
Brownyard [219] from a comprehensive study of water vapor sorption isotherms and 
chemically bound water in hardening cement pastes, water held in cement-based materials can 
be classified into three categories: capillary water (free water), gel water (physically bound 
water) and chemically nonevaporable water (bound water). 
Chemically bound water has been widely studied with the aid of measurement techniques, 
such as thermogravimetric analysis (TGA) [220] and Quasielastic neutron scattering (QNS) 
measurements [221]. Due to the non-mobility of chemically bound water, the influences of 
this type of water on performance of cement-based materials are generally insignificant. 
While the free and adsorbed water plays an important role in transportation of aggressive 
substances and interfacial properties of cement-based materials. Based on the Stern model 
about EDL formed at the solid- liquid interface proposed by Stern, the adsorbed water in EDL 
has different properties than that in bulk pore solution. From the electrochemical point of 
view, the water molecules were considered being accumulated within sub-nanometer distance 
from charged electrodes together with the charged ions [222]. The accumulation of water 
molecules was govern by the association of water molecules with their surrounding ions, 
which drives water molecules into position where the ions are highly charged. Bager et al. 
[223, 224] studied the ice formation in hardened cement pastes with low temperature Calvet 
microcalorimeter. They found that water contained in finer pores, physically adsorbed water 
in EDL formed on solid surface or in a ‘‘interlayer’’ position is nonfrozen even under the 
condition of -55°C, and the freezable (free) water within saturated cement paste can be 
removed at a relative vapour pressure lower than 60% of atmospheric pressure.  
The adsorption of water molecules and charged ions in EDL formed at the solid-liquid 
interface has been widely studied for illustration of the ion migration and interfacial 
properties of cement-based materials. In 1991, Hawes and Feldman [225] studied the 
adsorption of organic phase change materials in concrete building for heat storage, and 
demonstrated that factors including concrete structure, temperature, viscosity of liquid, 
immersion duration and adsorption area all affected the amount of phase change materials 
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which can be adsorbed. Amiri et al. [28, 30] studied the effects of EDL on chloride and 
multispecies ions transport in cement-based materials by a proposed physical EDL model. In 
these papers, the formation of EDL, overlapping of EDL, distribution of ions in EDL and how 
these affect transport of chloride ions or other ions were theoretically studied and discussed. 
Especially for chloride penetration, the existence of EDL on the surface of solid wall was 
considered to attract chloride ions onto the surface of cement hydration products and then 
released into the expressed pore solution and increased the chloride concentration. It has been 
investigated [226] that the freezing of water in a hardened cement paste is not a continuous 
process and the capillary water may become ice in a specific temperature range. While for 
water adsorbed on the surface of solid or fixed in small pore, they mostly belong to non-
frozen water. However, due to the absence of measuring techniques, the formation and 
properties of EDL within cement-based materials are still not verified by experiment.  
Nuclear magnetic resonance (NMR) 1H relaxometry is a non-destructive technique to 
investigate the content and distribution of proton (H) within samples. 1H NMR has been 
shown to be a powerful tool for the characterization of pore size distribution and porosity of 
cement pastes at the nanoscale owing to the proportional correlation between the 1H 
relaxation rate of water in pore spaces and the pore surface to volume ratio [227]. In 
geotechnical engineering, 1H NMR has been applied in detecting pore distribution and 
adsorbed water content. Tian and Wei [142, 228] developed a method to distinguish the free 
and adsorbed water of clay based on the different freezing points and resistances to suction 
between adsorbed and free water by 1H NMR. Compared to clay or other soil materials, 
cement-based materials have a denser structure and lower total porosity, which makes it more 
difficult to separate the free and adsorbed water. 
In this chapter, 1H NMR relaxometry distribution of cement paste immersed in NaCl 
solution was measured at different temperature. The boundary value of T2 relaxation time for 
capillary (free) and adsorbed water was determined based on the variation of freezing point. 
The content of adsorbed water within EDL was measured with different chloride 
concentrations in bulk pore solution and correlated to the chloride concentration in the 
expressed pore solution. The results obtained in this study may be useful for our further 
understanding on interfacial properties, EDL formation and chloride absorption of cement-
based materials. 
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7.2 Materials and method 
Cement paste (w/b=0.4) slices after 7 days of curing in water and 91 days of soaking in 
NaCl solution with different concentrations were prepared for this part of study. Due to the 
effects of metallic elements in SCMs on test results, cement pastes with Portland cement only 
were used as testing specimens. Specimen preparation, curing and soaking procedure and 
experiments except NMR test were chosen according to description in Chapter 3.  
7.2.1 1H NMR 
1H NMR relaxation tests were conducted after soaking in NaCl solutions with 0.1, 0.3, 0.5, 
0.7 and 1.0 mol/L for 91 days. Small fragments with around 0.5cm diameter were used for 
NMR test. Niumag MicroMR12-025 was used for NMR relaxometry measurement, this NMR 
instrument can measure the T2 relaxation time distribution of samples at the temperature 
ranged from -30 to 30 °C. The NMR test was done at ambient temperature firstly, then put 
into cold bath from 5 °C decreased to -30 °C at a step of 5.0 °C. For every point, the sample 
was kept in cold bath for 24 hours and then shifted to the sample tube for NMR test. During 
the test, cryogenic nitrogen gas equal to the temperature of cold bath was flowed around the 
sample tube to avoid the variation of temperature inside the samples. The testing sample was 
put back to the cold bath after the NMR test and applied for the temperature next step. The 
resonance frequency was 11.845 MHz and Carr-Purcell-Meiboom-Gill (CPMG) pulse 
sequence was employed to measure NMR transverse relaxation time. The repetition time of 
sampling was 100 ms, number of echo 1000 and half echo time 120 ms. The free induction 
decay (FID) curve of samples were then inversed (inversion software provided by Niumag 
corporation was applied) into the T2 relaxation time distribution at different temperature.  
7.3 Determination of boundary T2 value for adsorbed and free water 
Figure 7.1 shows the evolution of T2 relaxation distribution within cement paste samples 
with the decrease of temperature from 5 to -30 °C, experimental results of cement pastes 
immersed in 0.1, 0.5 and 1.0 mol/L NaCl solutions are presented. It can be seen from the 
figures that the water in large pores was gradually turned into ice. At the range of 1000 to 
10000 ms, T2 signal was only detected for test under the temperature of -5, 0 and 5 °C. 
Compared to the peak at the range of 0.01 to 1.0 ms, the T2 signal on the right hand side of 
the T2 relaxation distribution plot is relatively small, especially for cement paste under lower 
temperature.  When temperature decreased to -30 °C, nearly 95% of signals were located at the 
range of 0.01 to 1 ms.  However, for the T2 signal peaks with T2 relaxation time in this 
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section, it can be seen that the signal amplitude with relaxation time lower than 0.4 ms is 
increased with the decrease of temperature, while the signal decreased when relaxat ion time 
larger than 0.4 ms.    
The value of T2 in NMR measurement results can represent the location of water within 
samples. High T2 value relates to water in large pores, while the water in small pores and the 
adsorbed water can result into low T2 value. In this study, we can easily regarded the peak 
within 0.01 to 1.0 ms as the water in small pores and adsorbed water. Generally, the liquid in 
a pore has a frozen temperature related to the diameter of pore. Jehng et al. [140] studied the 
microstructural evolution of cement paste by NMR and freezing, it was found that the 
capillary pore water can be frozen at temperature lower than -30 °C. However, water 
remained as liquid in gel pores over a temperature range reaching to -120 °C. The 
confinement of solid phase or solid surface on ions and liquid, which may change the 
existence form of solution within pore structure was considered as the differences in freezing 
temperature. 
It can be seen in this study that the water at the range of 0.01 to 1 ms remained to be liquid, 
the results in this section can be regarded as the water distribution before freezing. The effects 
of surface potential on liquids and ions in EDL results into different properties of adsorbed 
water in EDL and free water in bulk pore. Due to the surface potential of solid phase, solution 
in EDL can be only partially moved parallel to solid phase, but not at the direction 
perpendicular to surface. In this study, the total content of water was unchanged and we 
assumed that the water will not be transferred between small and large pores during the 
freezing of water in large pores. It has been investigated [229] that the content of adsorbed 
water can be changed with different temperature. In this study, variation of adsorbed and free 
water should be opposite cause the total water content was unchanged. Therefore, it can be 
seen from the experimental results that the content of adsorbed water increase s while free 
water decreases with the decrease of temperature. According to the T2 relaxation distribution 
plots of cement pastes in different concentrations of NaCl solution shown in Figure 7.1, it can 
be seen the boundary points of T2 relaxation time for adsorbed and free water of these three 
samples are basically same. On the two sides of 0.4 ms, the T2 relaxation distribution plots 
show different trends with different temperature, which means the signal on these two sides 
presents two different types of pore water. Therefore, we determined T2 = 0.4 ms as the 
boundary point for adsorbed and free water.  
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Figure 7.1 T2 relaxation distribution of cement paste during freezing process 
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Based on NMR technique, adsorbed and free water has been distinguished by detecting 
the T2 relaxation distribution under low temperature or different suction. For some materials 
with higher porosity and water content such as clay, it has been found that only the peak with 
T2 relaxation time lower than a boundary value can be detected under low temperature and 
high suction [142]. This value was considered to distinguish the adsorbed and free water 
within pores. However, this study failed to turn all of the free water into ice because -30 °C is 
the lowest temperature the NMR probe that could be reached. It’s difficult to extract water 
within cement paste by external applied suction. Further studies are needed to verify the 
boundary T2 relaxation time obtained in this study.  
 
7.4 Influences of chloride concentration in soaking solution on adsorbed water 
After the boundary point in T2 distribution plots for adsorbed and free water is determined, 
the percentage of adsorbed water within cement paste under ambient temperature (20 °C) can 
be calculated. The peak area of T2 distribution represents the content of water, then the area 
on plot on left hand side of 0.4 ms was determined and divided by the total area of 
distribution plot. Figure 7.2 shows the percentage of adsorbed water to total water within 
cement pastes as a function of chloride concentration in soaking solution. It can be seen from 
the figure that the percentage of adsorbed water in cement pastes gradually decreases with the 
increase of concentration in pore solution (soaking solution). For cement paste immersed in 
0.1 mol/L NaCl solution, almost 20% of total water were adsorbed onto the surface of solid 
phase, while it decreased 5% as concentration increased to 1.0 mol/L.  
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Figure 7.2 Content of adsorbed water in cement paste 
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It has been studied in previous chapters the influences of chloride concentration or ion 
concentration in soaking solution on ion distribution and content within EDL. The increased 
ion concentration in pore solution compressed the range of EDL and decreased the thickness 
of EDL. According to the Debye formula shown in Equation 3.6 and the calculation results in 
Figure 3.23, the thickness of EDL is significantly decreased with the increase of pore solution 
concentration. Within the inner pores of cement pastes, the water can be grouped into 
adsorbed water confined in EDL and free water in bulk pore. The increase of EDL thickness 
can higher the content of adsorbed water and similar trend between EDL thickness and 
adsorbed water content with concentration of soaking solution can be found in Figures 3.23 
and 7.2. Except the concentration of soaking solution, the pore structure of cement paste will 
also affect the percentage of adsorbed water to total water content. The reaction of chloride 
ions and solid phase can decrease the porosity of cement-based materials and increase the 
density, which has been studied in Chapter 4. With a fixed EDL thickness, the small diameter 
pore reveals higher percentage of value of EDL area to that of total pore and adsorbed water 
to total water in pore. Therefore, comparing the plots in Figures 3.23 and 7.2, the decrease of 
EDL thickness with concentration of soaking solution is more obvious than the evolution of 
adsorbed water content.  
7.5 Relationship between adsorbed water content and Nc 
In Chapter 6, the chloride distribution in the diffuse layer of EDL was discussed. In Stern 
model, the ions in compact layer can be considered to be desolvated, which are tightly bound 
onto the surface of solid phase. Then the adsorbed water content measured by 1H NMR can be 
regarded as water in diffuse layer due to that only liquid phase can be detected. Based on 
Equation 6.7, the average concentration of chloride ions in diffuse layer can be calculated. If 
an assumption that all of the solution in diffuse layer can be extracted by pore solution 
expression is made, the chloride concentration in the expressed pore solution can be obtained 
based on adsorbed water content and average chloride concentration in diffuse layer. Figure 
7.3 is the calculated ratio of chloride concentration in the expressed pore solution to that in 
soaking solution (Nc) as a function of concentration in soaking solution. It can be seen that the 
value of Nc gradully decreases with the increase of soaking solution concentration, which is in 
agreement with the measured results shown in previous chapter. However, the results 
calculated in this chapter are much smaller than the measured results shown in previous 
chapters. Two reasons may be responsible for this: 1) as discussed in Chapter 6, the 
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measurement of zeta potential and assumptions for Stern model may underestimate the value 
of average concentration of chloride ions in diffuse layer; 2) the ignorance of overlapping of 
EDL in small pores in this study may significantly lower the calculation results in comparison 
with the measured results. As shown in Figure 7.4 [78], the overlapping of EDL can increase 
the ion concentration in pore solution. In some studies, the overlapping of EDL in small 
diameter pore has been investigated. Especially, the complicated pore structure and large 
curvature of cement-based materials will all increase the effects of EDL overlapping on ion 
and potential distribution in EDL. Further studies are needed for modelling and calculation of 
ion distribution in EDL considering the overlapping of EDL.  
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Figure 7.3 Value of Nc calculated by NMR results 
 
 
Figure 7.4 Overlapping of two EDL [78] 
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7.6 Summary 
In this chapter, the free water in pore and adsorbed water in EDL is distinguished by 1H 
NMR, the effects of concentration of soaking solution on adsorbed water content are 
investigated and the results are compared to the measured chloride concentration in the 
expressed pore solution. Based on these researches, the formation of EDL at solid- liquid is 
experimentally confirmed. The following conclusions can be made: 
 The adsorbed water in EDL and free water in bulk pore can be distinguished by NMR 
based on different variations of two during freezing process.  
 The percentage of adsorbed water is decreased with the increase of chloride 
concentration in soaking solution due to the decrease of EDL thickness.  
 The calculated results of Nc by NMR technique show similar trend with concentration 
of soaking solution to measured results, while relatively lower values are obtained 
than the measured value.  
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8 FINDINGS AND RECOMMENDATIONS 
 
 
This chapter provides a summary of this thesis. The findings and contributions of this thesis 
are clarified. Some recommendations for further study on this topic are given at last.  
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8.1 Foreword 
The EDL formed at the solid-liquid interface is generally considered as the reason for 
higher concentration in the expressed pore solution than that in soak ing solution or 
phenomenon of “chloride concentrate”. In this study, the factors that may affect properties of 
EDL and microstructure of cement pastes are firstly discussed. The pore solution expression 
method and the variation of pore structure and chloride distribution within cement pastes are 
investigated. The chloride concentration in the expressed pore solution is calculated by 
variation of pore solution distribution, total chloride content and pore structure, and compared 
to the measured results. 
AC impedance spectroscopy and zeta potential measurement are applied to investigate the 
properties of EDL that may affect the potential and ion distribution within EDL. On the basis 
of Stern model of EDL, mathematical models are established in modelling chloride 
distribution and content in EDL. Capacitance of EDL and zeta potential at the shear plane 
between compacting and diffuse layer are used to calculate the EDL thickness and chloride 
distribution within EDL. 
The “chloride concentrate” phenomenon of cement paste is experimentally and 
theoretically studied in this study. In the last part of this study, the adsorbed water in EDL is 
distinguished from free water in bulk pore by NMR measurement during the process of 
freezing. The content of adsorbed water with different concentrations in pore solution is 
discussed. In this part, the formation of EDL at solid- liquid interface is experimentally studied.  
8.2 Main Research Finding 
8.2.1 Factors influencing “chloride concentration index” Nc of cement paste 
The discussion of factors that may affect the value of “chloride concentration index” Nc is 
the very first step of study on “chloride concentrate”. Any other microstructure and 
electrochemical properties of cement paste, physical and mathematical model of EDL and 
mechanism of “chloride concentrate” are based on this study. In the light of this consideration, 
the factors that may influence the value of Nc has been studied in Chapter 4.  
  For internal factors, the addition of SCMs including slag, fly ash and silica fume, 
maturity of cement pastes that is curing and soaking time, and w/b ratio are studied. The 
replacement of SCMs alters the hydration process and microstructure evolution of cement 
paste, which affects the penetration of chloride ions into samples. The variation of hydration 
products, especially C/S ratio and zeta potential of C-S-H gel can affect the distribution and 
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content of chloride ions within EDL. The effects of curing and soaking time mainly comes 
from the period of chloride penetrating into cement pastes. The value of Nc decreases with 
increase of curing time due to denser structure, while it increases with soaking time.  
The influences of external factors including externally applied voltage, cations of chloride 
salt and chloride concentration of soaking solution on value of Nc are discussed. The applied 
voltage decreases the percentage of large pore and increases the zeta potential of hydration 
products, which results into higher value of Nc. The introduction of Ca
2+ controls the value of 
zeta potential of C-S-H formed within cement paste, and larger value of Nc is obtained for 
pastes immersed in CaCl2 solution than that of NaCl and KCl. The increase of soaking 
solution concentration decreases the thickness of EDL and zeta potential, which results into 
lower value of Nc. 
8.2.2 Variation of microstructure during pore solution expression  
Pore solution obtained from pore solution expression is considered mostly closes to the 
actual situation compare to other methods. The determination of structure and chloride 
distribution variation during pore solution expression experiment is the very direct way to 
calculate the chloride concentration in the expressed pore solution. In the light of this 
consideration, the pore solution distribution and total chloride content are studied in Chapter 4 
for cement pastes before and after pore solution expression.  
During the pore solution expression, the cement pastes are squeezed by high applied 
pressure, the large size pores are compressed into small pores and the pore solution is 
extracted. Pore solution distribution of cement paste is measured by 1H NMR test, and the 
variation during pore solution expression are studied. Before pore solution expression test, the 
pore solution content is higher for cement pastes with higher w/b ratio and it is decreased with 
the increase of soaking solution concentration. Meanwhile, after pore solution expression, the 
porosity and pore distribution of cement pastes with different chloride concentrations are 
similar. The larger porosity of higher w/b ratio and larger EDL thickness of lower soaking 
solution concentration may be responsible for larger water content within cement paste. The 
porosity calculated from the pore solution distribution by NMR are in agreement with results 
obtained by other studies. 
The total chloride content of cement pastes are significantly decreased after pore solution 
expression, especially for samples in higher soaking solution concentration. With the increase 
of soaking solution concentration, the decrease of EDL thickness and adsorbed chloride 
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content within EDL reduce the value of Nc, which also results into less total chloride loss 
during pore solution expression. The higher w/b ratio also  increase the reduction of total 
chloride content during the expression due to the higher porosity and larger content of pore 
solution able to be extracted out.  
Based on a physical model of cement pastes during pore solution expression experiment, 
together with the pore solution distribution and total chloride content results, calculation of 
chloride concentration in the expressed pore solution is proposed. The calculation results are 
in agreement with measured Nc with the soaking solution concentration and w/b ratio.  
8.2.3 Electrochemical properties of mathematical model of EDL 
The formation of EDL at the interface of solid and liquid phase within cement-based 
materials is considered as the main reason cause the phenomenon of “chloride concentrate”. 
As the most decisive points, the electrochemical properties of EDL are studied.   
In Chapter 5, AC impedance spectroscopy is applied in investigating the microstructure of 
cement paste and capacitance of EDL. On the basis of previous studies, an equivalent circuit 
model comprised of capacitance of electrode-sample interface, resistance of continuous and 
discontinuous pore, capacitance of solid phase and EDL. By idealizing the EDL formed 
within cement paste into a plane-parallel capacitor, the normalized EDL thickness is 
calculated based on capacitance of EDL. The calculated results are in agreement with the 
results of effects of soaking solution concentration on value of Nc. According to the results in 
this chapter, AC impedance spectroscopy is demonstrated to be a promising method for 
microstructure and electrochemical properties characterization.  
Apart from the capacitance of EDL, zeta potential is another main factor characterizing 
EDL and ion distribution within EDL. Zeta potential of freshly mixed cement paste and 
hardened samples are measured to analyze the hydration process and interfacial of cement 
paste in Chapter 6. Based on the Stern model of EDL, a mathematical model of chloride 
distribution within EDL is proposed. Combining the measured zeta potential and pore 
structure, the value of Nc is calculated and compare to the measured results from pore solution 
expression experiment. The calculated and measured results show a similar trends and while 
some differences still exits due to the assumptions of model and limitation of measurement 
technique of zeta potential and microstructure.  
8.2.4 Mechanism of “chloride concentrate”  
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According to the studies in previous chapters, the existence of the “chloride concentrate” 
phenomenon has been confirmed, as well as the relationship between “chloride concentration 
index” and properties of EDL. In Chapter 7, the formation of EDL is correlated to the 
adsorbed water within cement paste and quantificational studied by low temperature 1H NMR 
measurement. 
Based on the different variations of adsorbed and free water within cement pastes during 
the process of freezing, which is represented by different evolution of T2 relaxation time 
distribution plots, the boundary point for adsorbed and free water is determined. The adsorbed 
water content is decreased with the increase of concentration in soaking solution, which is 
consistent with value of Nc. Considering the average chloride concentration within EDL 
obtained from the proposed model in Chapter 6, the value of Nc is calculated from the 
adsorbed water content. Similar trends of calculated and measured results with soaking 
solution concentration are obtained. However, due to the ignorance of overlapping of EDL in 
small pores, the calculated results are relatively lower than measured results. The 
characterization of adsorbed water in EDL can experimentally confirm the formation of EDL 
within cement-based materials. 
According to the results and discussion in this study, it can be concluded that the 
occurrence of “chloride concentrate” and higher chloride concentration in the expressed pore 
solution than that in soaking solution mainly comes from the formation of EDL at the solid-
liquid interface. The gathering of chloride in EDL results into a higher chloride concentration 
than bulk pore solution. Pore solution expression destroys the pore structure of cement paste 
and extracts the chloride ions in EDL out, which increases the concentration of chloride in the 
expressed pore solution. The decrease of pore size accelerates the effects of EDL and may 
result into higher value of Nc.  
8.3 Contribution of this work 
In this study, the phenomenon of “chloride concentrate” is studied from influencing 
factors, microstructure and electrochemical properties, physical and mathematical modelling 
of chloride distribution in EDL and how these factors influence the value of “chloride 
concentration index” Nc. 
The higher concentration of chloride ions within EDL than that in bulk pore solution is 
considered as the reason causing the higher chloride concentration in the expressed pore 
solution than in soaking solution. Different factors, internally and externally, may affect the 
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value of Nc, while can be concluded into pore structure and EDL properties related factors. 
The increase of zeta potential and thickness of EDL due to the formation of higher C/S ratio 
C-S-H gel and lower concentration of pore solution can increase the chloride concentration in 
EDL. Besides, the introduction of Ca2+ or external voltage can also affect the properties of 
EDL and result into different results of Nc. While the pore structure of cement pastes control 
the percentage of chloride ions from EDL in the expressed pore solution. Higher value of Nc 
can be obtained for pores with small size, which can be affected by SCMs addition, maturity 
and w/b ratio of cement pastes.  
Pore solution expression has been accepted and widely applied to extract and analyze the 
free chloride ion content of cement-based materials. The extrusion of chlorides in EDL 
together with bulk pore solution increases the chloride concentration in the expressed pore 
solution. During the pore solution expression, the pore solution distribution and chloride 
content within cement paste are changed. By using the 1H NMR technique, the pore solution 
distribution within cement pastes before and after pore solution expression are detected. The 
porosity and chloride concentration in the expressed pore solution are also calculated and 
compare to the measured results. It is experimentally confirmed that extraction of the higher 
concentration of chloride ions in EDL during pore solution expression results into the 
“chloride concentrate”.  
Physical and mathematical models based on the capacitance and zeta potential of EDL 
measured from AC impedance spectroscopy and zeta potential measurement are proposed. 
AC impedance spectroscopy provides some useful information on microstructure evolution 
and electrochemical properties of cement pastes. The thickness of idealized EDL capacitor is 
calculated from capacitance of EDL and the results are gradually decreased with the increase 
of soaking solution concentration. Based on the Stern EDL model, the chloride distribution 
within EDL is expressed with mathematical equations. According to the zeta potential and 
pore structure of cement paste, the chloride concentration in EDL is determined and be 
applied into calculation of Nc with some assumption. The calculated results show a good 
agreement with the measured results from pore solution expression. 
Finally, a method is proposed to determine the content of adsorbed water in EDL of 
cement paste. 1H NMR tests are conducted for cement pastes under different temperature 
during freezing process. According to different performances of adsorbed and free water 
during freezing process, the boundary point in T2 relaxation time distribution plot for these 
two type of water is obtained. The adsorbed water content of cement paste is decreased with 
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the increase of concentration in soaking solution. The value of Nc  is calculated from adsorbed 
water content and average concentration of chloride in EDL obtained by zeta potential. The 
determination and analysis of adsorbed water content demonstrates the formation of EDL 
within cement paste and explains the phenomenon of “chloride concentrate”.  
8.4 Future Research 
Based on the results and discussions in this study, the recommendations for future study 
can be listed as follow: 
 
 The differences and relationship between different types of chloride ions in cement-
based materials are needed to be investigated, effects of single or multiple factors 
on free, physical adsorbed and chemical bound chloride should be studied.  
 In the future, pore solution expression method should be standardized, which 
requires more studies of influences of different test procedures on variations of 
microstructure and electrochemical properties during the test.  
 The establishment of an appropriate equivalent circuit model and a better analytical 
method to obtain more reliable information from AC impedance spectroscopy 
should be investigated. The physical model of EDL considering the electrical 
capacitance should be further studied. 
 Zeta potential is an important factor to characterize the EDL and chloride 
distribution within EDL, a more reliable technique for zeta potential measurement, 
especially zeta potential of hardened samples should be studied. Other factors such 
as Stern layer, type of co-ions and curvature of pore structure should be taken into 
account in modelling of EDL. 
 Except the different changes of adsorbed and free water during freezing process, get 
rid of free water by making the free water be frozen or external applied suction is 
more straightforward, which should be further studied with more advanced 
techniques. 
 
 
 
 
 
 
148 
 
 
 
 
149 
 
References 
[1] Nguyen PT, Amiri O. Study of electrical double layer effect on chloride transport in 
unsaturated concrete. Construction and Building Materials. 2014;50:492-8. 
[2] Clifton JR. Predicting the service life of concrete. Materials Journal. 1993;90(6):611-7. 
[3] Sobhani J, Ramezanianpour A. Chloride- induced corrosion of RC structures. Asian J Civ 
Eng (Build Hous). 2007;8(5):531-47. 
[4] Justnes H. A review of chloride binding in cementitious systems. NORDIC CONCRETE 
RESEARCH-PUBLICATIONS-. 1998;21:48-63. 
[5] Arya C, Buenfeld N, Newman J. Factors influencing chloride-binding in concrete. Cement 
and Concrete Research. 1990;20(2):291-300. 
[6] Tao Q. Influence of Mineral Admixtures on Chloride Ion Permeation through Concrete. 
Journal of Wuhan University of Technology Materials Science Edition. 2009(S1):206-9. 
[7] Yuan Q, Shi C, De Schutter G, Audenaert K, Deng D. Chloride binding of cement-based 
materials subjected to external chloride environment–a review. Construction and Building 
Materials. 2009;23(1):1-13. 
[8] Glass G, Buenfeld N. The influence of chloride binding on the chloride induced corrosion 
risk in reinforced concrete. Corrosion Science. 2000;42(2):329-44. 
[9] Glass G, Buenfeld N. The presentation of the chloride threshold level for corrosion of 
steel in concrete. Corrosion science. 1997;39(5):1001-13. 
[10] Angst UM, Elsener B, Larsen CK, Vennesland Ø. Chloride induced reinforcement 
corrosion: electrochemical monitoring of initiation stage and chloride threshold values. 
Corrosion Science. 2011;53(4):1451-64. 
[11] Ann KY, Song HW. Chloride threshold level for corrosion of steel in concrete. Corrosion 
Science. 2007;49(11):4113-33. 
[12] Bouteiller V, Cremona C, Baroghel-Bouny V, Maloula A. Corrosion initiation of 
reinforced concretes based on Portland or GGBS cements: chloride contents and 
electrochemical characterizations versus time. Cement and Concrete Research. 
2012;42(11):1456-67. 
[13] Hansson CM, Sørensen B. The threshold concentration of chloride in concrete for the 
initiation of reinforcement corrosion.  Corrosion rates of steel in concrete: ASTM 
International; 1990. 
[14] Oh BH, Jang SY, Shin Y. Experimental investigation of the threshold chloride 
concentration for corrosion initiation in reinforced concrete s tructures. Magazine of Concrete 
Research. 2003;55(2):117-24. 
[15] Val DV, Trapper PA. Probabilistic evaluation of initiation time of chloride- induced 
corrosion. Reliability Engineering & System Safety. 2008;93(3):364-72. 
[16] Yu H, Chiang K-TK, Yang L. Threshold chloride level and characteristics of 
reinforcement corrosion initiation in simulated concrete pore solutions. Construction and 
Building Materials. 2012;26(1):723-9. 
[17] Yu H, Shi X, Hartt WH, Lu B. Laboratory investigation of reinforcement corrosion 
initiation and chloride threshold content for self-compacting concrete. Cement and Concrete 
Research. 2010;40(10):1507-16. 
[18] Haque M, Kayyali O. Free and water soluble chloride in concrete. Cement and Concrete 
Research. 1995;25(3):531-42. 
[19] Berman HA. Determination of chloride in hardened portland cement paste, mortar, and 
concrete. No. FHWA-RD-72-12 Intrm Rpt.. 1972. 
[20] Balonis M, Lothenbach B, Le Saout G, Glasser FP. Impact of chloride on the mineralogy 
of hydrated Portland cement systems. Cement and Concrete Research. 2010;40(7):1009-22. 
150 
 
[21] Esteves LP. On the hydration of water-entrained cement–silica systems: combined SEM, 
XRD and thermal analysis in cement pastes. Thermochimica Acta. 2011;518(1):27-35. 
[22] Arya C, Buenfeld N, Newman J. Assessment of simple methods of determining the free 
chloride ion content of cement paste. Cement and Concrete Research. 1987;17(6):907-18. 
[23] Lea FM. The chemistry of cement and concrete. 1970.  
[24] Nagataki S, Otsuki N, Wee T-H, Nakashita K. Condensation of chloride ion in hardened 
cement matrix materials and on embedded steel bars. Materials Journal. 1993;90(4):323-32. 
[25] Glass G, Wang Y, Buenfeld N. An investigation of experimental methods used to 
determine free and total chloride contents. Cement and Concrete Research. 1996;26(9):1443-9. 
[26] Li Q, Shi C, He F, Xu S, Hu X, Wang X, et al. Factors influencing free chloride ion 
condensation in cement-based materials. Journal of the Chinese Ceramic Society. 
2013;41(3):320-7. 
[27] Yuan Q. Fundamental studies on test methods for the transport of chloride ions in 
cementitious materials. Belgium: Ghent University. 2009.  
[28] Friedmann H, Amiri O, Aït-Mokhtar A. Physical modeling of the electrical double layer 
effects on multispecies ions transport in cement-based materials. Cement and Concrete 
Research. 2008;38(12):1394-400. 
[29] Nguyen P, Amiri O. Study of the chloride transport in unsaturated concrete: Highlighting 
of electrical double layer, temperature and hysteresis effects. Construction and Building 
Materials. 2016;122:284-93. 
[30] Nguyen P, Amiri O. Study of electrical double layer effect on chloride transport in 
unsaturated concrete. Construction and Building Materials. 2014;50:492-8. 
[31] Li Z. Advanced concrete technology: John Wiley & Sons; 2011.  
[32] Tang L. Chloride transport in concrete-measurement and prediction, Chalmers University 
of Technology; 1996. 
[33] Justnes H. A review of chloride binding in cementitious systems. Nordic Concrete 
Research. 1998;21:48-63. 
[34] De Weerdt K, Colombo A, Coppola L, Justnes H, Geiker MR. Impact of the associated 
cation on chloride binding of Portland cement paste. Cement and Concrete Research. 
2015;68:196-202. 
[35] Qiao C, Ni W, Weiss J. Influence of shrinkage reducing admixtures on chloride binding 
and diffusion.  14th Int Congress on the Chemistry of Cement, China National Building 
Materials Group Corporation, Beijing2015.  
[36] Zhu Q, Jiang L, Chen Y, Xu J, Mo L. Effect of chloride salt type on chloride binding 
behavior of concrete. Construction and Building Materials. 2012;37:512-7. 
[37] De Weerdt K, Orsáková D, Geiker M. The impact of sulphate and magnesium on 
chloride binding in Portland cement paste. Cement and Concrete Research. 2014;65:30-40. 
[38] Florea M, Brouwers H. Chloride binding related to hydration products: part I: ordinary 
Portland cement. Cement and Concrete Research. 2012;42(2):282-90. 
[39] Florea M, Brouwers H. Modelling of chloride binding related to hydration products in 
slag-blended cements. Construction and Building Materials. 2014;64:421-30. 
[40] Kayali O, Khan M, Ahmed MS. The role of hydrotalcite in chloride binding and 
corrosion protection in concretes with ground granulated blast furnace slag. Cement and 
Concrete Composites. 2012;34(8):936-45. 
[41] Khan M, Kayali O, Troitzsch U. Chloride binding capacity of hydrotalcite and the 
competition with carbonates in ground granulated blast furnace slag concrete. Materials and 
Structures. 2016;49(11):4609-19. 
[42] Maes M, Gruyaert E, De Belie N. Resistance of concrete with blast- furnace slag against 
chlorides, investigated by comparing chloride profiles after migration and diffusion. Materials 
and Structures. 2013;46(1-2):89-103. 
151 
 
[43] Sun GW, Guan XM, Sun W, Zhang YS. Research on the Binding Capacity and 
Mechanism of Chloride Ion Based on Cement-GGBS System. Journal of Wuhan University 
of Technology. 2010;7:010. 
[44] Thomas M, Hooton R, Scott A, Zibara H. The effect of supplementary cementitious 
materials on chloride binding in hardened cement paste. Cement and Concrete Research. 
2012;42(1):1-7. 
[45] Cheewaket T, Jaturapitakkul C, Chalee W. Long term performance of chloride binding 
capacity in fly ash concrete in a marine environment. Construction and Building Materials. 
2010;24(8):1352-7. 
[46] Nilsson L, Poulsen E, Sandberg P, Sørensen H, Klinghoffer O. HETEK. Chloride 
penetration into concrete. State of the Art, Transport processes, corrosion initiation, test 
methods and prediction models. Denmark, ISSN/ISBN. 1996:0909-4288. 
[47] Koleva D, Hu J, Fraaij A, Van Breugel K, De Wit J. Microstructural analysis of plain and 
reinforced mortars under chloride- induced deterioration. Cement and Concrete research. 
2007;37(4):604-17. 
[48] Dousti A, Shekarchi M, Alizadeh R, Taheri-Motlagh A. Binding of externally supplied 
chlorides in micro silica concrete under field exposure conditions. Cement and Concrete 
Composites. 2011;33(10):1071-9. 
[49] Ipavec A, Vuk T, Gabrovšek R, Kaučič V. Chloride binding into hydrated blended 
cements: The influence of limestone and alkalinity. Cement and Concrete Research. 
2013;48:74-85. 
[50] Zibara H, Hooton R, Thomas M, Stanish K. Influence of the C/S and C/A ratios of 
hydration products on the chloride ion binding capacity of lime-SF and lime-MK mixtures. 
Cement and Concrete Research. 2008;38(3):422-6. 
[51] Saillio M, Bouny VB, Pradelle S. Physical and chemical chloride binding in cementitious 
materials with various types of binder.  14th International Congress on the Chemistry of 
Cement2015. p. 12p. 
[52] Liu Y, Shi X. Electrochemical chloride extraction and electrochemical injection of 
corrosion inhibitor in concrete: state of the knowledge. Corrosion Reviews. 2009;27(1-2):53-
82. 
[53] Spiesz P, Brouwers H. Influence of the applied voltage on the Rapid Chloride Migration 
(RCM) test. Cement and Concrete Research. 2012;42(8):1072-82. 
[54] Ma B, Mu S, De Schutter G. Non-steady state chloride migration and binding in cracked 
self-compacting concrete. Journal of Wuhan University of Technology-Mater Sci Ed. 
2013;28(5):921-6. 
[55] Spiesz P, Brouwers H. The apparent and effective chloride migration coefficients 
obtained in migration tests. Cement and Concrete Research. 2013;48:116-27. 
[56] Voinitchi Da, Julien S, Lorente S. The relation between electrokinetics and chloride 
transport through cement-based materials. Cement and Concrete Composites. 2008;30(3):157-
66. 
[57] Krishnakumark B. PARTHIBANK. Evaluation of chloride penetration in OPC concrete 
by silver nitrate solution spray method. Int J Chem Tech Res. 2014;6(5):2676-82. 
[58] Ollivier J, Arsenault J, Truc O, Marchand J. Determination of chloride binding isotherms 
from migration tests.  Mario Collepardi Symposium on Advances in Concrete Science and 
Technology: Rome; 1997. p. 198-217. 
[59] Castellote M, Andrade C, Alonso C. Chloride-binding isotherms in concrete submitted to 
non-steady-state migration experiments. Cement and Concrete Research. 1999;29(11):1799-
806. 
[60] Castellote M, Andrade C, Alonso C. Measurement of the steady and non-steady-state 
chloride diffusion coefficients in a migration test by means of monitoring the conductivity in 
152 
 
the anolyte chamber. Comparison with natural diffusion tests. Cement and Concrete Research. 
2001;31(10):1411-20. 
[61] Sergi G, Yu S, Page C. Diffusion of chloride and hydroxyl ions in cementitious materials 
exposed to a saline environment. Magazine of Concrete Research. 1992;44(158):63-9. 
[62] Gardner TJ. Chloride transport through concrete and implications for rapid chloride 
testing, University of Cape Town; 2006. 
[63] Shi Z, Geiker MR, De Weerdt K, Østnor TA, Lothenbach B, Winnefeld F, et al. Role of 
calcium on chloride binding in hydrated Portland cement–metakaolin–limestone blends. 
Cement and Concrete Research. 2017;95:205-16. 
[64] Glasser F, Kindness A, Stronach S. Stability and solubility relationships in AFm phases: 
Part I. Chloride, sulfate and hydroxide. Cement and Concrete Research. 1999;29(6):861-6. 
[65] Ekolu S, Thomas M, Hooton R. Pessimum effect of externally applied chlorides on 
expansion due to delayed ettringite formation: Proposed mechanism. Cement and Concrete 
research. 2006;36(4):688-96. 
[66] Hirao H, Yamada K, Takahashi H, Zibara H. Chloride binding of cement estimated by 
binding isotherms of hydrates. Journal of Advanced Concrete Technology. 2005;3(1):77-84. 
[67] Elakneswaran Y, Nawa T, Kurumisawa K. Electrokinetic potential of hydrated cement in 
relation to adsorption of chlorides. Cement and Concrete Research. 2009;39(4):340-4. 
[68] He Z, Shi C, Hu X, Zhang J. Development on migration characteristic and interactions of 
chloride ion in cement-based materials under applied voltages. Journal of the Chinese 
Ceramic Society. 2015;43(8):1111-9. 
[69] Brouwers H. The work of Powers and Brownyard revisited: Part 2. Cement and Concrete 
Research. 2005;35(10):1922-36. 
[70] Loser R, Lothenbach B, Leemann A, Tuchschmid M. C hloride resistance of concrete and 
its binding capacity–Comparison between experimental results and thermodynamic modeling. 
Cement and Concrete Composites. 2010;32(1):34-42. 
[71] Sumranwanich T, Tangtermsirikul S. A model for predicting time-dependent chloride 
binding capacity of cement- fly ash cementitious system. Materials and Structures. 
2004;37(6):387. 
[72] Tran VM, Nawa T, Stitmannaithum B. Chloride binding isotherms of various cements 
basing on binding capacity of hydrates. Computers and Concrete. 2014;13(6):695-707. 
[73] Marinescu M, Brouwers H. Free and bound chloride contents in cementitious materials.  
8th fib PhD Symposium in Kgs Lyngby, Denmark2010.  
[74] Hassan Z. Binding of external chloride by cement pastes. Toronto: University of Toronto. 
2001. 
[75] Song Z, Jiang L, Zhang Z, Xiong C. Distance-associated chloride binding capacity of 
cement paste subjected to natural diffusion. Construction and Building Materials. 
2016;112:925-32. 
[76] Baroghel-Bouny V, Wang X, Thiery M, Saillio M, Barberon F. Prediction of chloride 
binding isotherms of cementitious materials by analytical model or numerical inverse analysis. 
Cement and Concrete Research. 2012;42(9):1207-24. 
[77] Baroghel-Bouny V, Belin P, Maultzsch M, Henry D. AgNO3 spray tests: advantages, 
weaknesses, and various applications to quantify chloride ingress into concrete. Part 1: Non-
steady-state diffusion tests and exposure to natural conditions. Materials and structures. 
2007;40(8):759. 
[78] He F. Measurement of chloride migration in cement-based materials using AgNO3 
colorimetric method. Changsha: Central South University. 2010.  
[79] He F, Shi C, Hu X, Wang R, Shi Z, Li Q, et al. Calculation of chloride ion concentration 
in expressed pore solution of cement-based materials exposed to a chloride salt solution. 
Cement and Concrete Research. 2016;89:168-76. 
153 
 
[80] Helmholtz P. XLVIII. On the methods of measuring very small portions of time, and 
their application to physiological purposes. Philosophical Magazine Series 4. 1853;6(40):313-
25. 
[81] Bolt G. Analysis of the validity of the Gouy-Chapman theory of the EDL. Journal of 
Colloid Science. 1955;10(2):206-18. 
[82] Torrie G, Valleau J. Electrical double layers. 4. Limitations of the Gouy-Chapman theory. 
The Journal of Physical Chemistry. 1982;86(16):3251-7. 
[83] Stern O. Theory of the electrical double layer.(In German.). Electrochemistry. 
1924;30:508-16. 
[84] Lowke D, Gehlen C. The zeta potential of cement and additions in cementitious 
suspensions with high solid fraction. Cement and Concrete Research. 2017;95:195-204. 
[85] Eagland D. The influence of hydration on the stability of hydrophobic colloidal systems.  
Water in Disperse Systems: Springer; 1975. p. 1-74. 
[86] Friedmann H, Amiri O, Aït-Mokhtar A. Modelling of EDL effect on chloride migration 
in cement-based materials. Magazine of Concrete Research. 2012;64(10):909-17. 
[87] Júnior JAA, Baldo JB. The behavior of zeta potential of silica suspensions. New Journal 
of Glass and Ceramics. 2014;4(02):29.  
[88] Gunasekara C, Law DW, Setunge S, Sanjayan JG. Zeta potential, gel formation and 
compressive strength of low calcium fly ash geopolymers. Construction and Building 
Materials. 2015;95:592-9. 
[89] Ersoy B, Dikmen S, Uygunoğlu T, İçduygu MG, Kavas T, Olgun A. Effect of mixing 
water types on the time-dependent zeta potential of Portland cement paste. Science and 
Engineering of Composite Materials. 2013;20(3):285-92. 
[90] Liu M, Lei J, Bi Y, Du X, Zhao Q, Zhang X. Preparation of polycarboxylate-based 
superplasticizer and its effects on zeta potential and rheological property of cement paste. 
Journal of Wuhan University of Technology-Mater Sci Ed. 2015;30(5):1008-12. 
[91] Elakneswaran Y, Nawa T, Kurumisawa K. Zeta potential study of paste blends with slag. 
Cement and Concrete Composites. 2009;31(1):72-6. 
[92] Hocine T, Amiri O, Ait-Mokhtar A, Pautet A. Influence of cement, aggregates and 
chlorides on zeta potential of cement-based materials. Advances in Cement Research. 
2012;24(6):337-48. 
[93] McCarter W, Garvin S, Bouzid N. Impedance measurements on cement paste. Journal of 
materials science letters. 1988;7(10):1056-7. 
[94] Christensen BJ, Coverdale T, Olson RA, Ford SJ, Garboczi EJ, Jennings HM, et al. 
Impedance Spectroscopy of Hydrating Cement‐Based Materials: Measurement, Interpretation, 
and Application. Journal of the American Ceramic Society. 1994;77(11):2789-804. 
[95] Coverdale R, Christensen B, Mason T, Jennings H, Garboczi E. Interpretation of the 
impedance spectroscopy of cement paste via computer modelling. Journal of Materials 
Science. 1994;29(19):4984-92. 
[96] Coverdale R, Jennings H, Garboczi E. An improved model for simulating impedance 
spectroscopy. Computational Materials Science. 1995;3(4):465-74. 
[97] Keddam M, Takenouti H, Novoa X, Andrade C, Alonso C. Impedance measurements on 
cement paste. Cement and Concrete Research. 1997;27(8):1191-201. 
[98] Ravikumar D, Neithalath N. An electrical impedance investigation into the chloride ion 
transport resistance of alkali silicate powder activated slag concretes. Cement and Concrete 
Composites. 2013;44:58-68. 
[99] Scuderi C, Mason T, Jennings H. Impedance spectra of hydrating cement pastes. Journal 
of materials science. 1991;26(2):349-53. 
154 
 
[100] Poupard O, Aıt-Mokhtar A, Dumargue P. Corrosion by chlorides in reinforced concrete: 
Determination of chloride concentration threshold by impedance spectroscopy. Cement and 
Concrete Research. 2004;34(6):991-1000. 
[101] MacPhee D, Sinclair D, Stubbs S. Electrical characterization of pore reduced cement by 
impedance spectroscopy. Journal of materials science letters. 1996;15(18):1566-8. 
[102] Xie P, Gu P, Xu Z, Beaudoin J. A rationalized AC impedence model for microstructural 
characterization of hydrating cement systems. Cement and Concrete Research. 
1993;23(2):359-67. 
[103] Andrade C, Blanco V, Collazo A, Keddam M, Novoa X, Takenouti H. Cement paste 
hardening process studied by impedance spectroscopy. Electrochimica acta. 
1999;44(24):4313-8. 
[104] Song G. Equivalent circuit model for AC electrochemical impedance spectroscopy of 
concrete. Cement and concrete research. 2000;30(11):1723-30. 
[105] Cruz J, Fita I, Soriano L, Payá J, Borrachero M. The use of electrical impedance 
spectroscopy for monitoring the hydration products of Portland cement mortars with high 
percentage of pozzolans. Cement and Concrete Research. 2013;50:51-61. 
[106] Woo L, Wansom S, Hixson A, Campo M, Mason T. A universal equivalent circuit 
model for the impedance response of composites. Journal of materials science. 
2003;38(10):2265-70. 
[107] Shi M, Chen Z, Sun J. Determination of chloride diffusivity in concrete by AC 
impedance spectroscopy. Cement and Concrete Research. 1999;29(7):1111-5. 
[108] Sánchez I, Nóvoa X, De Vera G, Climent M. Microstructural modifications in Portland 
cement concrete due to forced ionic migration tests. Study by impedance spectroscopy. 
Cement and Concrete Research. 2008;38(7):1015-25. 
[109] Mercado H, Lorente S, Bourbon X. Chloride diffusion coefficient: A comparison 
between impedance spectroscopy and electrokinetic tests. Cement and Concrete Composites. 
2012;34(1):68-75. 
[110] Wu L, Dai P, Li Y. Determination of the transport properties of structural concrete 
using AC impedance spectroscopy techniques. Journal of Engineering. 2016;2016.  
[111] Akhavan A, Rajabipour F. Evaluating ion diffusivity of cracked cement paste using 
electrical impedance spectroscopy. Materials and Structures. 2013;46(5):697-708. 
[112] Ismail M, Ohtsu M. Corrosion rate of ordinary and high-performance concrete 
subjected to chloride attack by AC impedance spectroscopy. Construction and Building 
Materials. 2006;20(7):458-69. 
[113] Pradhan B, Bhattacharjee B. Performance evaluation of rebar in chloride contaminated 
concrete by corrosion rate. Construction and Building Materials. 2009;23(6):2346-56. 
[114] Hachani L, Fiaud C, Triki E, Raharinaivo A. C haracterisation of steel/concrete interface 
by electrochemical impedance spectroscopy. British Corrosion Journal. 1994;29(2):122-7. 
[115] John D, Searson P, Dawson J. Use of AC impedance technique in studies on steel in 
concrete in immersed conditions. British Corrosion Journal. 1981;16(2):102-6. 
[116] Ortega JM, Sánchez I, Climent M. Impedance spectroscopy study of the effect of 
environmental conditions in the microstructure development of OPC and slag cement mortars. 
Archives of Civil and Mechanical Engineering. 2015;15(2):569-83. 
[117] Kirby BJ, Hasselbrink EF. Zeta potential of microfluidic substrates: 1. Theory, 
experimental techniques, and effects on separations. Electrophoresis. 2004;25(2):187-202. 
[118] Smit W, Stein HN. Electroosmotic zeta potential measurements on single crystals. 
Journal of Colloid and Interface Science. 1977;60(2):299-307. 
[119] Paillot R. M. SMOLUCHOWSKI.—Contribution à la théorie de l'endosmose électrique 
et de quelques phénomènes corrélatifs (Bulletin de l'Académie des Sciences de Cracovie; 
mars 1903). J Phys Theor Appl. 1904;3(1):912-. 
155 
 
[120] White B, Banerjee S, O'Brien S, Turro NJ, Herman IP. Zeta-potential measurements of 
surfactant-wrapped individual single-walled carbon nanotubes. The Journal of Physical 
Chemistry C. 2007;111(37):13684-90. 
[121] Nägele E. The zeta-potential of cement. Cement and Concrete Research. 
1985;15(3):453-62. 
[122] Nägele E. The Zeta-potential of cement: Part II: Effect of pH-value. Cement and 
Concrete Research. 1986;16(6):853-63. 
[123] Viallis-Terrisse H, Nonat A, Petit J-C. Zeta-potential study of calcium silicate hydrates 
interacting with alkaline cations. Journal of colloid and interface science. 2001;244(1):58-65. 
[124] Debye P. A method for the determination of the mass of electrolytic ions. The Journal 
of Chemical Physics. 1933;1(1):13-6. 
[125] Zana R, Yeager EB. Ultrasonic vibration potentials.  Modern aspects of 
electrochemistry: Springer; 1982. p. 1-60. 
[126] Plank J, Hirsch C. Impact of zeta potential of early cement hydration phases on 
superplasticizer adsorption. Cement and Concrete Research. 2007;37(4):537-42. 
[127] Zingg A, Winnefeld F, Holzer L, Pakusch J, Becker S, Gauckler L. Adsorption of 
polyelectrolytes and its influence on the rheology, zeta potential, and microstructure of 
various cement and hydrate phases. Journal of Colloid and Interface Science. 
2008;323(2):301-12. 
[128] Ferrari L, Kaufmann J, Winnefeld F, Plank J. Interaction of cement model systems with 
superplasticizers investigated by atomic force microscopy, zeta potential, and adsorption 
measurements. Journal of Colloid and Interface Science. 2010;347(1):15-24. 
[129] Plank J, Sachsenhauser B. Impact of molecular structure on zeta potential and adsorbed 
conformation of α-allyl-ω-methoxypolyethylene glycol-maleic anhydride superplasticizers. 
Journal of advanced concrete technology. 2006;4(2):233-9. 
[130] Plank J, Gretz M. Study on the interaction between anionic and cationic latex particles 
and Portland cement. Colloids and Surfaces A: Physicochemical and Engineering Aspects. 
2008;330(2):227-33. 
[131] Wüthrich K. NMR with Proteins and Nucleic Acids. Europhysics News. 1986;17(1):11-
3. 
[132] Fukushima E, Roeder SB. Experimental pulse NMR: a nuts and bolts approach: 
Addison-Wesley Reading, MA; 1981. 
[133] Greener J, Peemoeller H, Choi C, Holly R, Reardon EJ, Hansson CM, et al. Monitoring 
of hydration of white cement paste with proton NMR spin–spin relaxation. Journal of the 
American Ceramic Society. 2000;83(3):623-7. 
[134] Friedemann K, Stallmach F, Kärger J. NMR diffusion and relaxation studies during 
cement hydration—A non-destructive approach for clarification of the mechanism of internal 
post curing of cementitious materials. Cement and Concrete Research. 2006;36(5):817-26. 
[135] McDonald P, Korb J-P, Mitchell J, Monteilhet L. Surface relaxation and chemical 
exchange in hydrating cement pastes: a two-dimensional NMR relaxation study. Physical 
Review E. 2005;72(1):011409. 
[136] Muller A, Scrivener K, Gajewicz A, McDonald P. Use of bench-top NMR to measure 
the density, composition and desorption isotherm of C–S–H in cement paste. Microporous 
and Mesoporous Materials. 2013;178:99-103. 
[137] Puertas F, Fernández-Jiménez A, Blanco-Varela M. Pore solution in alkali-activated 
slag cement pastes. Relation to the composition and structure of calcium silicate hydrate. 
Cement and Concrete Research. 2004;34(1):139-48. 
[138] Cano-Barrita PdJ, Marble A, Balcom B, García J, Masthikin I, Thomas M, et al. 
Embedded NMR sensors to monitor evaporable water loss caused by hydration and drying in 
Portland cement mortar. Cement and Concrete Research. 2009;39(4):324-8. 
156 
 
[139] Pipilikaki P, Beazi-Katsioti M. The assessment of porosity and pore size distribution of 
limestone Portland cement pastes. Construction and Building Materials. 2009;23(5):1966-70. 
[140] Jehng J-Y, Sprague D, Halperin W. Pore structure of hydrating cement paste by 
magnetic resonance relaxation analysis and freezing. Magnetic Resonance Imaging. 
1996;14(7-8):785-91. 
[141] McDonald PJ, Rodin V, Valori A. Characterisation of intra-and inter-C–S–H gel pore 
water in white cement based on an analysis of NMR signal amplitudes as a function of water 
content. Cement and Concrete Research. 2010;40(12):1656-63. 
[142] Tian H, Wei C. A NMR-based testing and analysis of adsorbed water content. Scientia 
Sinica Technologica. 2014;44(3):295-305. 
[143] Andersen MD, Jakobsen HJ, Skibsted J. Characterization of white Portland cement 
hydration and the CSH structure in the presence of sodium aluminate by 27 Al and 29 Si 
MAS NMR spectroscopy. Cement and Concrete Research. 2004;34(5):857-68. 
[144] Andersen MD, Jakobsen HJ, Skibsted J. Incorporation of aluminum in the calcium 
silicate hydrate (C− S− H) of hydrated Portland cements: A high- field 27Al and 29Si MAS 
NMR investigation. Inorganic Chemistry. 2003;42(7):2280-7. 
[145] Andersen MD, Jakobsen HJ, Skibsted J. A new aluminium-hydrate species in hydrated 
Portland cements characterized by 27 Al and 29 Si MAS NMR spectroscopy. Cement and 
Concrete Research. 2006;36(1):3-17. 
[146] Cong X, Kirkpatrick RJ. 29Si MAS NMR study of the structure of calcium silicate 
hydrate. Advanced Cement Based Materials. 1996;3(3-4):144-56. 
[147] Skibsted J, Andersen MD. The effect of alkali ions on the incorporation of aluminum in 
the calcium silicate hydrate (C–S–H) phase resulting from Portland cement hydration studied 
by 29Si MAS NMR. Journal of the American Ceramic Society. 2013;96(2):651-6. 
[148] Skibsted J, Henderson E, Jakobsen HJ. Characterization of calcium aluminate phases in 
cements by aluminum-27 MAS NMR spectroscopy. Inorganic chemistry. 1993;32(6):1013-27. 
[149] Wei Y, Yao W, Xing X, Wu M. Quantitative evaluation of hydrated cement modified 
by silica fume using QXRD, 27 Al MAS NMR, TG–DSC and selective dissolution techniques. 
Construction and Building Materials. 2012;36:925-32. 
[150] Sevelsted TF, Herfort D, Skibsted J. 13 C chemical shift anisotropies for carbonate ions 
in cement minerals and the use of 13 C, 27 Al and 29 Si MAS NMR in studies of Portland 
cement including limestone additions. Cement and Concrete Research. 2013;52:100-11. 
[151] Poulsen SL, Kocaba V, Le Saoût G, Jakobsen HJ, Scrivener KL, Skibsted J. Improved 
quantification of alite and belite in anhydrous Portland cements by 29 Si MAS NMR: effects 
of paramagnetic ions. Solid state nuclear magnetic resonance. 2009;36(1):32-44. 
[152] Sun G, Young JF, Kirkpatrick RJ. The role of Al in C–S–H: NMR, XRD, and 
compositional results for precipitated samples. Cement and Concrete Research. 
2006;36(1):18-29. 
[153] Lothenbach B, Le Saout G, Gallucci E, Scrivener K. Influence of limestone on the 
hydration of Portland cements. Cement and Concrete Research. 2008;38(6):848-60. 
[154] Pena P, Mercury JR, De Aza A, Turrillas X, Sobrados I, Sanz J. Solid-state 27 Al and 
29 Si NMR characterization of hydrates formed in calcium aluminate–silica fume mixtures. 
Journal of Solid State Chemistry. 2008;181(8):1744-52. 
[155] Jones M, Macphee D, Chudek J, Hunter G, Lannegrand R, Talero R, et al. Studies using 
27 Al MAS NMR of AF m and AF t phases and the formation of Friedel's salt. Cement and 
Concrete Research. 2003;33(2):177-82. 
[156] Yu P, Kirkpatrick RJ. 35 Cl NMR relaxation study of cement hydrate suspensions. 
Cement and concrete research. 2001;31(10):1479-85. 
157 
 
[157] Barberon F, Baroghel-Bouny V, Zanni H, Bresson B, Malosse L, Gan Z. Interactions 
between chloride and cement-paste materials. Magnetic resonance imaging. 2005;23(2):267-
72. 
[158] Kirkpatrick RJ, Yu P, Hou X, Kim Y. Interlayer structure, anion dynamics, and phase 
transitions in mixed-metal layered hydroxides; variable temperature 35 Cl NMR spectroscopy 
of hydrotalcite and Ca-aluminate hydrate (hydrocalumite). American Mineralogist. 
1999;84(7-8):1186-90. 
[159] Kirkpatrick RJ, Kalinichev A, Yu P. Chloride binding to cement phases: exchange 
isotherm, exp 35 Cl NMR and molecular dynamics modeling studies. Materials Science of 
Concrete Special. 2001:77-92. 
[160] de J Cano F, Bremner T, McGregor R, Balcom B. Magnetic resonance imaging of 1 H, 
23 Na, and 35 Cl penetration in Portland cement mortar. Cement and concrete research. 
2002;32(7):1067-70. 
[161] Duchesne J, Bérubé M. Evaluation of the validity of the pore solution expression 
method from hardened cement pastes and mortars. Cement and Concrete Research. 
1994;24(3):456-62. 
[162] Hu X, Shi C, Li Q, He Z, He W, Lv K. Influence of Mineral Admixtures on Chloride 
Ion Condensation of Pore Solution in Cement-based Materials. Journal of the Chinese 
Ceramic Society. 2015;4:004. 
[163] Luo R, Zhang X. Research on the Chloride Expression Method for the Chloride Induced 
Corrosion to Steel Reinforced Concrete. Journal of highway and transportation research and 
development. 2002;19(2):21-4. 
[164] ASTM C. 1556. Standard test method for determining the apparent chloride diffusion 
coefficient of cementitious mixtures by bulk diffusion. Annual book ASTM standards. 2003. 
[165] Grishchenko RO, Emelina AL, Makarov PY. Thermodynamic properties and thermal 
behavior of Friedel's salt. Thermochimica acta. 2013;570:74-9. 
[166] Elakneswaran Y, Nawa T, Kurumisawa K. Influence of surface charge on ingress o f 
chloride ion in hardened pastes. Materials and Structures. 2009;42(1):83-93. 
[167] Yu H, Weng Z, Sun W, Chen H, Zhang J. Influences of Slag Content on Chlorine Ion 
Binding Capacity of Concrete. Journal of the Chinese Ceramic Society. 2007;35(6):801.  
[168] Wiens U, Breit W, Schiessl P. Influence of high silica fume and high fly ash contents on 
alkalinity of pore solution and protection of steel against corrosion. Special Publication. 
1995;153:741-62. 
[169] He F, Shi C, Yuan Q, Zheng K, Zou Q. Factors influencing chloride concentration at 
the color change boundary using AgNO3 colorimetric method. Journal of the Chinese 
Ceramic Society. 2008;36(7):890-5. 
[170] Wang X, Shi C, He F, Yuan Q, Wang D, Huang Y, et al. Chloride binding and its 
effects on microstructure of cement-based materials. Journal of the Chinese Ceramic Society. 
2013;41(2):187-98. 
[171] Luo R, Cai Y, Wang C. Binding capability of chloride ions in mortar and paste with 
ground granulated blast furnace slag. Journal of building materials. 2001;4(2 ):148-53. 
[172] Shang B. Microstructure of fly ash and hydration of cementitlous material with fly ash. 
Xi'an, Xi'an University of Architecture and Techology; 2006.  
[173] Shi H, Fang Z. Influence of fly ash on early hydration and pore structure of cement 
pastes. Journal of the Chinese Ceramic Society(China). 2004;32:95-8. 
[174] Siddique R, Aggarwal P, Aggarwal Y. Mechanical and durability properties of self-
compacting concrete containing fly ash and bottom ash. Journal of Sustainable Cement-Based 
Materials. 2012;1(3):67-82. 
[175] Poon CS, Qiao X, Lin Z. Pozzolanic properties of reject fly ash in blended cement 
pastes. Cement and Concrete Research. 2003;33(11):1857-65. 
158 
 
[176] Shi C, Stegemann JA, Caldwell RJ. Effect of supplementary cementing materials on the 
specific conductivity of pore solution and its implications on the rapid chloride permeability 
test (AASHTO T277 and ASTM C1202) results. Materials Journal. 1998;95(4):389-94. 
[177] Saeki S, Kano J, Saito F, Shimme K, Masuda S, Inoue T. Effect of additives on 
dechlorination of PVC by mechanochemical treatment. Journal of Material Cycles and Waste 
Management. 2001;3(1):20-3. 
[178] Beaudoin JJ, Ramachandran VS, Feldman RF. Interaction of chloride and C  S  H. 
Cement and Concrete Research. 1990;20(6):875-83. 
[179] An X, Shi C, He F, Wang D. AC impedance characteristics of ternary cementitious 
materials. Journal of the Chinese Ceramic Society. 2012;40(7):1059-66. 
[180] Larsen C. Chloride binding in concrete. Trondheim, Norwegian University of Science 
and Technology; 1998. 
[181] LI Q. Researches on factors and mechanism on chloride ion condensation in cement-
based materials. Changsha, Hunan University; 2013.  
[182] Oner A, Akyuz S, Yildiz R. An experimental study on strength development of concrete 
containing fly ash and optimum usage of fly ash in concrete. Cement and Concrete Research. 
2005;35(6):1165-71. 
[183] Oner A, Akyuz S. An experimental study on optimum usage of GGBS for the 
compressive strength of concrete. Cement and Concrete Composites. 2007;29(6):505-14. 
[184] Hu X, Shi C, Zhang J, De Schutter G. Influences of chloride immersion on zeta 
potential and chloride concentration index of cement-based materials. Submitted to Cement 
and Concrete Research, 2017. 
[185] Oldham KB. A Gouy–Chapman–Stern model of the double layer at a (metal)/(ionic 
liquid) interface. Journal of Electroanalytical Chemistry. 2008;613(2):131-8. 
[186] Nägele E. The zeta-potential of cement: Part III: The non-equilibrium double layer on 
cement. Cement and Concrete Research. 1987;17(4):573-80. 
[187] Carr HY, Purcell EM. Effects of diffusion on free precession in nuclear magnetic 
resonance experiments. Physical review. 1954;94(3):630.  
[188] Valori A, McDonald PJ, Scrivener KL. The morphology of C–S–H: Lessons from 1 H 
nuclear magnetic resonance relaxometry. Cement and Concrete Research. 2013;49:65-81. 
[189] Zheng K, Sun W, Jia Y, Zhang Y, Guo L. Effects of slag dosage on hydration products 
and pore structure of cement paste at high water to binder ratio. Journal of the Chinese 
Ceramic Society. 2005;33(4):520-4. 
[190] Mosquera M, Benı tez D, Perry S. Pore structure in mortars applied on restoration: 
Effect on properties relevant to decay of granite buildings. Cement and Concrete Research. 
2002;32(12):1883-8. 
[191] Ding Z, Li Z. Effect of aggregates and water contents on the properties of magnesium 
phospho-silicate cement. Cement and Concrete Composites. 2005;27(1):11-8. 
[192] Moon HY, Kim HS, Choi DS. Relationship between average pore diameter and chloride 
diffusivity in various concretes. Construction and Building Materials. 2006;20(9):725-32. 
[193] Shi C, Hu X, Wang X, Wu Z, Schutter Gd. Effects of chloride ion binding on 
microstructure of cement pastes. Journal of Materials in Civil Engineering. 
2016;29(1):04016183. 
[194] Ouellet S, Bussière B, Aubertin M, Benzaazoua M. Microstructural evolution of 
cemented paste backfill: Mercury intrusion porosimetry test results. Cement and Concrete 
Research. 2007;37(12):1654-65. 
[195] Ye G, Liu X, De Schutter G, Poppe A-M, Taerwe L. Influence of limestone powder 
used as filler in SCC on hydration and microstructure of cement pastes. Cement and Concrete 
Composites. 2007;29(2):94-102. 
159 
 
[196] Houben M, Desbois G, Urai J. A comparative study of representative 2D 
microstructures in Shaly and Sandy facies of Opalinus Clay (Mont Terri, Switzerland) 
inferred form BIB-SEM and MIP methods. Marine and Petroleum Geology. 2014;49:143-61. 
[197] Li H, Xiao H-g, Yuan J, Ou J. Microstructure of cement mortar with nano-particles. 
Composites Part B: Engineering. 2004;35(2):185-9. 
[198] Cnudde V, Cwirzen A, Masschaele B, et al. Porosity and microstructure 
characterization of building stones and concretes. Engineering geology. 2009;103(3): 76-83. 
[199] Cnudde V, Boone M N. High-resolution X-ray computed tomography in geosciences: A 
review of the current technology and applications. Earth-Science Reviews. 2013;123:1-17. 
[200] Juenger MCG, Jennings HM. The use of nitrogen adsorption to assess the 
microstructure of cement paste. Cement and Concrete Research. 2001;31(6):883-92. 
[201] De Belie N, Kratky J, Van Vlierberghe S. Influence of pozzolans and slag on the 
microstructure of partially carbonated cement paste by means of water vapour and nitrogen 
sorption experiments and BET calculations. Cement and Concrete Research. 2010; 
40(12):1723-33. 
[202] Cao J, Chung D. Electric polarization and depolarization in cement-based materials, 
studied by apparent electrical resistance measurement. Cement and Concrete Research. 
2004;34(3):481-5. 
[203] Veleva L, Alpuche-Aviles MA, Graves-Brook MK, Wipf DO. Comparative cyclic 
voltammetry and surface analysis of passive films grown on stainless steel 316 in concrete 
pore model solutions. Journal of Electroanalytical Chemistry. 2002;537(1):85-93. 
[204] Yilmaz VT, Menek N, Odabasoǧlu M. Quantitative determination of triethanolamine in 
cements. Cement and Concrete Research. 1993;23(3):603-8. 
[205] Han B, Zhang K, Yu X, Kwon E, Ou J. Electrical characteristics and pressure-sensitive 
response measurements of carboxyl MWNT/cement composites. Cement and Concrete 
Composites. 2012;34(6):794-800. 
[206] Jain J, Neithalath N. Electrical impedance analysis based quantification of 
microstructural changes in concretes due to non-steady state chloride migration. Materials 
Chemistry and Physics. 2011;129(1):569-79. 
[207] Yang XQ, Huang KM. The new method to calculate the complex effective permittivity 
of mixed aqueous electrolyte solution at microwave frequency. Dianzi Xuebao(Acta 
Electronica Sinica). 2006;34(2):356-60. 
[208] Chatterji S, Kawamura M. Electrical double layer, ion transport and reactions in 
hardened cement paste. Cement and Concrete Research. 1992;22(5):774-82. 
[209] Nägele E, Schneider U. The zeta-potential of cement: Part IV. Effect of simple salts. 
Cement and Concrete Research. 1987;17(6):977-82. 
[210] Zhang C, Wang Z, Wang L, Zhang L. Study on ξ-potential of cement paste system. 
Bulletin of the chinese ceramic society. 2013;32(7):1264-8. 
[211] Kumar Metha P, Paulo J. Monteiro: CONCRETE-Micro structure, Properties and 
Materials. The McGRAW-Hill Companies, INC; 2006. 
[212] Traetteberg A, Ramachandran VS, Grattan-Bellew P. A study of the microstructure and 
hydration characteristics of tricalcium silicate in the presence of calcium chloride. Cement 
and Concrete Research. 1974;4(2):203-21. 
[213] Monteiro P, Wang K, Sposito G, Dos Santos M, de Andrade WP. Influence of mineral 
admixtures on the alkali-aggregate reaction. Cement and Concrete Research. 
1997;27(12):1899-909. 
[214] Yu Y, Liu J, Ran Q, Qiao M, Gao N. Interfacial interaction between polycarboxylate-
based superplasticizer and cement component minerals. Polymers & Polymer Composites. 
2013;21(5):299. 
160 
 
[215] Chen L, Pan RY, Shen XD, Ma SH, Huang YP, Zhong BQ. Strength and Hydration 
Property of Fly Ash-Slag-Cement Composite Cementitious Material. Journal of Building 
Materials. 2010;3:024. 
[216] Péra J, Husson S, Guilhot B. Influence of finely ground limestone on cement hydration. 
Cement and Concrete Composites. 1999;21(2):99-105. 
[217] Xiao J, Jin Y, Gou C, Wang Y. Effect of ground limestone on hydration characteristics 
and pore structure of cement pastes. Journal of Central South University (Science and 
Technology). 2010;41(6):2313-20. 
[218] Klein KA, Santamarina JC. Electrical conductivity in soils: Underlying phenomena.  
Journal of Environmental & Engineering Geophysics. 2003;8(4):263-73. 
[219] Powers TC, Brownyard TL. Studies of the physical properties of hardened Portland 
cement paste.  Journal Proceedings. 1946. p. 101-32. 
[220] Pane I, Hansen W. Investigation of blended cement hydration by isothermal calorimetry 
and thermal analysis. Cement and Concrete Research. 2005;35(6):1155-64. 
[221] Berliner R, Popovici M, Herwig K, Berliner M, Jennings H, Thomas J. Quasielastic 
neutron scattering study of the effect of water-to-cement ratio on the hydration kinetics of 
tricalcium silicate. Cement and Concrete Research. 1998;28(2):231-43. 
[222] Feng G, Jiang X, Qiao R, Kornyshev AA. Water in ionic liquids at electrified interfaces: 
The anatomy of electrosorption. ACS nano. 2014;8(11):11685-94. 
[223] Bager DH, Sellevold EJ. Ice formation in hardened cement paste, part I—Room 
temperature cured pastes with variable moisture contents. Cement and Concrete Research. 
1986;16(5):709-20. 
[224] Bager DH, Sellevold EJ. Ice formation in hardened cement paste, Part II—drying and 
resaturation on room temperature cured pastes. Cement and Concrete Research. 
1986;16(6):835-44. 
[225] Hawes D, Feldman D. Absorption of phase change materials in concrete. Solar Energy 
Materials and Solar Cells. 1992;27(2):91-101. 
[226] Shi C. Activation of natural pozzolans, fly ashes and blast furnace slag: Civil 
Engineering, University of Calgary; 1992.  
[227] Gajewicz A, Gartner E, Kang K, McDonald P, Yermakou V. A 1 H NMR relaxometry 
investigation of gel-pore drying shrinkage in cement pastes. Cement and Concrete Research. 
2016;86:12-9. 
[228] Tian H, Wei C, Wei H, Zhou J. Freezing and thawing characteristics of frozen soils: 
Bound water content and hysteresis phenomenon. Cold Regions Science and Technology. 
2014;103:74-81. 
[229] Yong R. Swelling pressures of sodium montmorillonite at depressed temperatures. 
Clays and Clay Minerals. 1962, 11: 268-281.  
 
 
 
 
 
 
 
 
 
 
 
 
161 
 
CURRICULUM VITAE 
 
 
Personal information                                                                                          1                                                                               
Name  Xiang Hu 
 胡翔 
Date of birth 02 November 1989 
Place of birth Changsha, China 
Nationality China 
 
Education                                                                                                              1 
2015-2017 Doctorate of Civil Engineering 
 
Magnel Laboratory, Department of Civil Engineering, Faculty of 
Engineering and Architecture, Ghent University & 
College of Civil Engineering, Hunan University 
 
Title: 
Mechanism of Chloride Concentrate and its Effects on 
Microstructure and Electrochemical Properties of Cement-Based 
Materials 
2012-2015 Master of Structure Engineering 
 
College of Civil Engineering, Hunan University 
 
Title: 
The effects of GGBS on chloride condensation in pore solution of 
cement-based materials 
2008-2012 Bachelor of Engineering 
 
College of Civil Engineering, Hunan University 
 
Scientific publications                                                                                         0 
Journal papers 
1. Hu Xiang, Shi Zhengguo, Shi Caijun, et al. Drying shrinkage and cracking resistance of 
concrete made with ternary cementitious components. Construction and Building 
Materials, 2017, 149: 406-415. 
2. Hu Xiang, Shi Caijun, Shi Zhengguo, et al. Early age shrinkage and heat of hydration of 
cement- fly ash-slag ternary blends. Construction and Building Materials, 2017, 153: 857-
865. 
3. Shi Caijun, Hu Xiang, Wang Xiaogang, et al. Effects of chloride ion binding on 
microstructure of cement pastes. Journal of Materials in Civil Engineering, 2016, 29(1): 
04016183. 
4. Hu Xiang, Shi Caijun, Li Qingling, et al. Influence of Mineral Admixtures on Chloride 
162 
 
Ion Condensation of Pore Solution in Cement-based Materials. Journal of the Chinese 
Ceramic Society, 2015, 4: 004.  
5. Shi Caijun, Shi Zhengguo, Hu Xiang, et al. A review on alkali-aggregate reactions in 
alkali-activated mortars/concretes made with alkali- reactive aggregates. Materials and 
Structures, 2015, 48(3): 621-628. 
6. Pan Xiaoying, Shi Caijun, Hu Xiang, et al. Effects of CO2 surface treatment on strength 
and permeability of one-day-aged cement mortar. Construction and Building Materials, 
2017, 154: 1087-1095. 
7. He Fuqiang, Shi Caijun, Hu Xiang, et al. Calculation of chloride ion concentration in 
expressed pore solution of cement-based materials exposed to a chloride salt solution. 
Cement and Concrete Research, 89 (2016): 168-176.  
8. He Zongxu, Shi Caijun, Hu Xiang, et al. Development on migration characteristic and 
interactions of chloride ion in cement-based materials under applied voltages. Journal of 
the Chinese Ceramic Society, 2015, 43(8): 1111-1119. 
9. Hu Xiang, Shi Caijun, Zhang Jian, et al. Influences of chloride immersion on zeta 
potential and chloride concentration index of cement-based materials. Submitted to 
Cement and Concrete Research. (Under second round review). 
10. Hu Xiang, Shi Caijun, Liu Xiaojin, et al. A review on microstructural characterization of 
cement-based materials by AC impedance spectroscopy. Submitted to Cement and 
Concrete Composite. (Under second round review). 
 
Conference papers and oral presentations 
1. Hu Xiang, Shi Caijun, Ye Guang, et al. Effects of chloride concentration on 
microstructure of cement pastes by AC impedance spectroscopy[C]//14th International 
Conference on Durability of Building Materials and Components. Magnel Laboratory for 
Concrete Research. Ghent University, Belgium. 29-31 May 2017. 
2. Hu Xiang, Shi Caijun, Ye Guang, et al. The Influences of Ultra- fine Limestone Powder 
on Zeta Potential of Freshly Mixed Cement Paste[C]//3rd International RILEM 
Conference on Microstructure Related Durability of Cementitious Composites. RILEM, 
2016: 426-433. 
3. Hu Xiang, Shi Caijun, and De Schutter Geert. A review on microstructure 
characterization of cement-based materials subjected to chloride by AC impedance[C]// 
Fourth International Conference on Sustainable Construction Materials and Technologies. 
University of Nevada, Las Vegas, Las Vegas, USA. 07-11 August 2016. 
4. Hu Xiang, Shi Caijun, De Schutter Geert. Influences of chloride immersion on zeta 
potential and chloride in concentration of cement-based materials[C]//14th International 
Congress on the Chemistry of Cement. Beijing, China. 13-16 October 2015: 1-15. 
 
